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ABSTRACT 


1t is demonstrated that the Soutpansberg is a stepfault-block 
mountainland, characterised by repetition of resistant dguartzite 
horizons and a regional adapted or subseguent drainage. The majority 
of faults are of Pre-Karroo Age, and present-day landscape is deduced 
as being a modification of similar age. 

“Poorts” and hot springs are notable features associated with the 
structures. 

The Waterberg sediments are stated to be derived from a northerly 
source, in which direction they now rest directly on granite. 'The faults 
are nearly true strike faults, difering considerably in throw and extent. 
Those of Post-Karroo Age are thought to be later shifts on pre-existing 
fracture lines. 

With one exception the downthrows are stated to be always to the 
south, with a sum total of 40,000 feet at least. 'This faulting is aseribed 
to tensional stress resulting from prolonged denudation to the north. 

Rocks of Pre-Waterberg Age are exposed in the north, are closely 
overfolded in a northerly direction as well as cross-folded, and display 
flow structures orientated roughly N.N.E. Lineation is most corstant 
and pronounced. 

klow layers in the granites are parallel to the stratification planes 
in the pre-granite rocks, while flow-lines in the granite conform to the 
lines of maximum elongation of the oldest rocks. 'The injection of the 
granite therefore seems closely associated with the folding and plastic 
flow of the pre-granite rocks. 

The Karroo System is very incompletely represented. No glacial 
conglomerates (as previously intimated by Mellor and 'Trevor) were 
encountered. 'The basal Ecca sandstones are present, the .entire 
Beaufort Series is absent, and the Stormberg Series overlies the BEcca 
Without angular unconformity. 

The Waterberg System is a continuous succession with a basal 
basaltic group and an upper arenaceous group. 'The top is not exposed. 
The lavas reach 600 ft. in thickness. 

The Primitive System rocks endomorphically affected the Old 
Granite and diorites were formed by assimilation of dolomite. 

The pre-granite rocks comprise sedimentaries invaded by a basic 
magma which differentiated to yield anorthosites amphibolites, 
serpentines, chromite and corundum. 

The primitive dolomites are thought to be chemical precipitates now 
completely recrystallised, and including metamorphic minerals such as 
serpentine, olivine, vermiculite, garnet, scapolite, green hornblende, 
tremolite, diopside, graphite, apatite, spinel, clinozoisite, epidote, sphene 
and ore minerals. The metamorphism is not progressive and is thought 
to have been effected by: (j) thermal infiuences; (ii) dedolomitising 
hydrothermal solutions; (iii) assimilation; (iv) dynamic forces. 
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The guartzose rocks are recrystallised arenaceous clastics charac- 
terised by bands of rose duartz. lmpurities gave rise to garnet, 
sillimanite and biotite. 

G@uartz-magnetites are said to be recrystallised chemical precipitates 
and not banded ironstones. 'They contain cummingtonite, and display 
distinct orientation of the ferriferous amphiboles and elongation of 
the magnetite. 

Highly aluminous melano-gneisses postulate the existence of shaly 
members in the original succession. Metamorphic effects are widespread 
and advanced, and not peripheral as in the dolomites. Almandine, 
biotite, cordierite, sillimanite and occasional corundum, graphite and 
duartz occur. 

Anorthosite is believed to be of magmatic origin, by rhythmic 
diferentiation of a gabbroic magma on the gravitational principle 
“in situ. 

Differential pressure, plastic flow and strain effects are evidenced 
by the linear arrangement of the hornblende crystals, the liberation of 
duartz and recrystallisation of hornblende from original pyroxene. 
Granitisation by metasomatic replacement is best seen in the pre-granite 
duartzites and anorthosites. 

The correlation of the pre-granite rocks is still highly tentative, but 
their inclusion in the “Primitive System” is suggested. 

Hypabyssal rocks include: 


(i) Dykes and sills of Post-Karroo Age. 
(ii) Dykes and sills of Pre-Karroo, Post-Waterberg Age. 
(iii) Syenite dykes of probably Pre-Karroo Age. 


Dolerite dykes are most numerous and are thought to have been 
intruded progressively over an extensive period. 
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I. INTRODUCTION 


The area under discussion is bounded in the north and south by the lines 
of latitude 22* 30' and 93” 0 (south) respectively. 'The eastern boundary is 
the line of longitude 30” 0 and the western boundary is longitude 99% 50 
approximately. These boundaries are, in general, transgressed by a variable 
distance of 4 mile to 1.0 mile, as is customary in mapping. 'The area therefore 
lies as a long, relatively narrow strip of country about 12-12.5 miles wide and 
36-37 miles long, commencing from the north of Louis Trichardt village and 
stretching due north to within 14 miles of Messina. As such it lies all along 
the national road from Louis Trichardt to Messina, transversely across the 
Soutpansberg mountains. 'The total area covered is 450 sduare miles. 

The area was mapped with the aid of aerial photographs taken by the 
Union Topographical Survey in June, 1987. 'The scale of the prints used is 
about 1/12,000. No base map was available and accordingly numerous control 
points had to be determined: 'This was accomplished by fixing points on a 
plane table to a scale of 500 C. roods—1 inch. About 200 control points, 
including all farm beacons and trigonometrical beacons, were thus fixed and 
their positions marked on the aerial photographs. Since the photography was 
done from a constant height of 12,000 feet above sea level the scale of the 
photographs is obviously larger in the highlands of the Soutpansberg than in 
the low country to the north thereof. 'This implies a certain amount of 
distortion in photographic reproductions of areas of varying relief. To minimise 
such distortion in the final map the control points fixed in the Soutpansberg 
mountains are more closely spaced than those determined on the flats further 
northwards, where distortion is negligible. The final maps were compiled from the 
aerial photographs with the aid of these control points and a proportional 
COMDASS. 


II. PHYSICAL FEATURES 


(i) Hydrographic 


The main drainage is towards the Sand River and via the M'tamba Spruit 
towards the Nijelele River in the east. 'The Sand River traverses the extreme 
northern portion of the area where it runs in a general easterly direction. 
Accordingly all the main drainages in the northern part of the area run in a 
general northerly or south-easterly direction towards the Sand River. 'These 
are all intermittent streams, except the Sand River which is perennial but 
becomes very weak in winter, running partly under sand. 

The Soutpansberg mountains in the southern part of the area form the 
main watershed. Not much of the southward drainage falls within the area 
defined, but it may be stated that this drainage is also towards the Sand River 
which crosses the Soutpansberg mountains further westward between Mara 
and Waterpoort to reappear in the extreme north, as stated. 'The remaining 
drainages are towards the Mitamba Spruit. 'The latter receives all the streams 
on the northern slopes of the Soutpansberg mountains and a lesser easterly 
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drainage in the central portion of the area. Excepting minor tributaries, the 
streams in the Soutpansberg mountains are perennial or dry up only in the 
very dry winters. However, they all dry up immediately after emerging from 
the mountains before their confiuence with M'tamba Spruit. 


The main drainage lines in the mountains form a roughly rectilinear 
pattern: there are streams with a general ncrtherly or southerly trend down 
the mountain slopes which unite in east-west valleys between the main mountain 
ridges. 'These valleys are connected through a series of so-called “poorts” or 
narrow gorges running transversely across the main mountain ridges. The best 
known of these are Wyllie's Poort and Masegua's Poort through which the 
national road is built. 'The former, especially, is a notable scenic feature about 
a mile long, nearly 1,000 feet deep in parts and so narrow at the bottom as 
to leave barely room for the roadway. 'The stream running northwards through 
Wyllie's Poort swings eastward as it emerges in the valley between this and 
the next ridge and cuts through the latter by Maatsa Poort, which is shorter 
but even narrower than Wyllie's Poort. Other well-known poorts are 
Waterpoort, west of this area, through which pass the Sand River and the 
railway line, and the Njelele Poort, east of the area under consideration. 
Several lesser known poorts, mainly still unnamed, exist, as on Zwarthoek 320 
and Sandbach 488. 


Of interest is the presence of several warm springs in this area. 'The 
best known of these lies immediately to the north of Masedua's Poort on the 
farm Masegua 1177, about 150 yards west of the main road. Another occurs 
just north of Maatsa Poort on Mpefu Location 467, whilst a third spring lies 
on southern Windhoek 1099, about a mile west of the main road. A very 
well-known hot spring lies at Chipese, east of the area under consideration, 
and here a public bath has been erected, as also at Evengelina, west of this 
area. All the hot springs deliver strong, perennial flows which make important 
contributions to the water available for irrigation purposes. 'The temperature 
varies from just tepid to nearly body temperature, whilst that at Chipese is 
well above blood heat. Unfortunately no thermometer was available for accurate 
measurements. 'The water has no bad taste or smell, except at Chipese, where 
it has a strong smell of sulphuretted hydrogen. 'The same is true of a spring 
on Sulphur Spring 1029, hence the name. 


As regards the origin of the hot water, it is to be noted that these springs 
invariably emerge on or close to one or other of a group of powerful faults, to 
be described in a subseguent chapter. Accordingly some casual connection 
between the faulting and the hot springs seems certain. 'The wide-spread 
distribution of the hot springs results solely from the regional character of 
the faulting. 


An alternative speculation is that the waters were heated by some 
subterranean igneous mass which is still giving of heat, even though the waters 
need not be strictly juvenile. Since the youngest known igneous activity in 
this area dates back to the early Mesozoic Bra (Stormberg lavas) there is but 
little ground for speculation on these lines. 

It is well known that water may be heated to considerable temperatures 
solely by the secular heat of the earth, the main reguirements being conditions 
that favour deep circulation and relatively high rate of increase in temperature 
with depth, ie. small geothermic steps. Unfortunately nothing is known of 
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the magnitude of the geothermic steps in this area. A matter of some interest 
in this connection is that the hot springs almost invariably emerge at the foot 
of high mountain ridges, so that the proximity of these mountain masses may 
have caused a rising of the isotherms near the springs, but this could not have 
Tesulted in more than a minor rise of temperature. 

The persistent normal faults of great magnitude certainly created the main 
reguisite, viz. conditions that permit: deep circulation. Since the dips of the 
strata in the mountains are invariably towards the faults, considerable amounts 
of water may collect within the plane of faulting, saturating the brecciated 
rocks as well as those on either side of the fissure. In this way hydrostatic 
conditions may be created along the fault plane, possibly to a considerable 
depth, and water that has penetrated to a great depth in one locality may 
rise again in another part through simple differences of pressure, probably 
aided by convection currents which would tend to bring the hot water 
upwards. 'The water then flows out at the surface where artesian conditions 
exist. Convection can only play a part in this connection if the geothermic 
steps are small, for otherwise the increase in density of the water due to 
increased pressure may more than compensate for the decrease in density 
due to rise in temperature. 

Summarily, then, the waters are held to be of strictly vadose origin, the high 
temperature resulting from deep circulation whereby the waters were heated 
through the secular heat of the earth. In this respect the springs are analogous 
to several other well-known hot springs, notably Badplaats and Brandvlei. 


(ii) Topographic 


From a morphological point of view the main interest lies in the 
Soutpansberg mountains, which run transversely across the southern portion 
of the area mapped. A comprehensive study of the Soutpansberg physiography 
needs a far wider survey than that actually accomplished. One such 
contribution has been made by M. $S. Taljaard (55). 'The following remarks, 
therefore, may be of limited application, but it is believed that conditions are 
essentially similar elsewhere. 

The Soutpansberg range rises somewhat abruptly to the north of Louis 
Trichardt village as an impressive, wall-like barrier 4,500 to 5,700 feet above 
sea level. It has an east-west alignment, thereby separating the Pietersburg 
plateauland in the south from the flat to gently undulating low country 
stretching northwards to the Limpopo River. 'The range represents the physical 
expression of a resistant, dominantly arenaceous group of clastic sediments 
Capping the more readily decomposed basic lavas and granite. It results from 
the differential rate of weathering and erosion of these two rock groups. As 
such it in many ways closely resembles the eastern escarpment of the 
Drakensberg mountains, notably at Kaapsche Hoop, where similar conditions 
exist: the counterpart of the Duivels Kantoor 'at Kaapsche Hoop is Hanglip, 
north of Louis Trichardt. 


At Kaapsche Hoop the easily decomposed hornblende granites of the 
Kaap Valley are protected by a capping of vertically jointed, resistant Black 
Reef guartzite, about 130 feet thick and dipping westward by 5”. Owing to 
the vertical jointing of the guartzite the physical break up to the contact with 
the granite is generally precipitous. The slopes immediately below the duartzite 


6 


are very steep, but the gradient decreases eastward until the slopes merge into 
the undulating flats of the Kaap Valley, three to four miles distant. North 
of Kaapsche Hoop the Black Reef guartzite rests unconformably on basic lavas 
of the Godwan series, but the profile section remains essentially similar, except 
at the Amianthus asbestos mine where the high, serrated ridges of serpentine 
(Jamestown intrusives) produce a complication. Ridges or terraces producing 
irregularities in the otherwise simple profile occur both north and south of the 
Duivels Kantoor. South of the Duivels Kantoor the terrace is formed by 
the relatively great resistance to erosion of a diabase sill in the granite, about 
175 feet thick. North of Kaapsche Hoop the terrace is formed by the basal 
sedimentary beds of the Godwan series. Elsewhere along the eastern escarpment 
such terraces may be ascribed to the old niveaux (former peneplanes of 
erosion) now largely destroyed by renewed uplift of the land. 


At Hanglip (Louis Trichardt) the physiographic counterpart of the Black 
Reef guartzite is the main band of Waterberg duartzite, several hundred feet 
thick. Apart from being thicker it differs from the duartzite at Kaapsche Hoop 
in its greater dip of 90* northwards. As to the north of Kaapsche Hoop, this 
duartzite also caps a thick succession of basaltic lavas. 'The lavas are 
interbedded with contemporaneous bands of duartzitic. sandstone of the 
Waterberg system, varying in thickness from 20 feet to 100 feet: these sandstones 
are mainly instrumental in forming several minor terraces or ridges along the 
mountain slopes which, although less conspicuous, correspond to the similar 
features described at Kaapsche Hoop. Since our barometers were reduired for 
military purposes the data reduired for the drawing of an accurate profile 
below Hanglip could not be accumulated, but the profile of the geological 
section drawn a little further eastwards is very nearly correct, being based in 
parts on topographie maps (Department of Irrigation) and in part on a few 
barometric readings taken by Mr. L. E. Kent in 1940. 


On passing northwards from the Hanglip ridge there is a rapid fall in 
elevation down the dipslopes of the Waterberg sandstones and duartzites, except 
for irregularities caused by faulting. At the northern foot of the main 
mountain ridge lies a transverse valley floored by basic amygdaloid similar to 
that forming the southern slopes below Hanglip. 'This valley ends abruptly 
further north against a conspicuous ridge of dguartzite about 1,000 feet high, the 
Wyllie's Poort ridge. 'To the north of Wyllie's Poort lies a similar transverse 
valley fioored by a similar amygdaloid and in part by sediments of the Karroo 
system. It again ends abruptly to the north against a prominent ridge, some 
1,500 feet high in parts, the Masegua's Poort ridge. Further north this state 
of affairs is repeated a third time by the Dongwe ridge and the intermediate 
valley. 


As already stated, the transverse valleys are characteristically connected 
through the various ridges by narrow defiles or “poorts”. 

The repetition in the topography described above and its probable relation 
to strike faulting has been referred to by several writers, notably Mellor and 
Trevor (43), Rogers (52) and Taljaard (55). 'The faults are fully described in 
a later chapter. 

The section thus far described is that seen along the main road. 'The 
ridges referred to do not persist as such right across the whole width of the 
mapped area, nor do the intermediate valleys. 'Thus, the first valley, south of 
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Wyllie's Poort, narrows down eastwards into a narrow, impassable gorge, the 
Devils Gorge. No lavas or diabase outerop here, the guartzites continue 
unbroken up to northern Serolle 399 and the topography changes accordingly. 
There are still two main ridges, but the intermediate depression is far less 
conspicuous. The Masegua's Poort ridge dies out eastward and a wide valley 
then separates the second and fourth ridges, ie. the Dongwe and Wyllie's Poort 
ridges. A dolerite sill forms a few conspicuous, conical hills in the valley. 

Similarly the Dongwe ridge thins down in a westerly direction and is not 
found west of the main road. Its termination is the result of an obligue 
fault. In this connection Rogers (59) has remarked as noteworthy that while 
the trend of the range in this region is east-north-east, the strike of the beds 
appears to be nearly east-west. Since the faults responsible for the duplication 
of the dguartzite ridges are not truly strike faults, but cut obliguely across the 
strike at low angles, such discrepancies between the trends of the ridses and 
the strike of the beds are by no means infreguent. 

The thinning out of the Dongwe ridge towards the west is part of the 
general narrowing down of the Soutpansberg range in a westerly direction up 
to its complete termination south-west of the salt pan. The Blaauwberg 
range, commencing about 4 miles west of here, may be regarded as the 
continuation of the Soutpansberg range, and, consisting of the same formations, 
was probably once directly continuous with it, 

In the extreme west of the area the Dongwe ridge does not exist. Owing 
to the westward increase in magnitude of a small fault an additional fertile 
valley is developed immediately north of the Hanglip ridge, and it stretches 
from Harnham 325 to Klipfontein 336. A further additional ridge is similarly 
developed on Northwitch 482, Fenton 484 and Delamere 485, so that altogether 
there are 5 main ridges and 4 intermediate valleys along this section. 

On Little Leigh 486 one main fault divides into two and at this point 
erosion has given rise to some precipitous cliffs, a few fine waterfalls and very 
wild scenery in general. 

The Dongwe ridge may be considered to demarcate the northernmost limits 
of the Soutpansberg range in this area. Remnants of the Waterberg duartzite 
are found several miles north of this ridge, but they form relatively 
inconspicuous features in the landscape. 

Summarily, the fundamental features of the mountainland depend on the 
distribution of resistant guartzite, its relation to more readily decomposed 
rock-types and the geological structure. 

The low country north of the Soutpansberg mountains provides little of 
scenic significance. It is flat to gently undulating, lies at a general altitude 
of 2,000 to 2,500 feet above sea level and is generally dry and hot. Bush 
vegetation is universal and Acacia species are probably the most numerous. 
The presence of trees such as Mopani, Maseri, Baobab and Knoppiesdoring is 
to a large extent reflected in the names of farms and railway stations. 'The 
general monotony of the landscape is broken here and there by conspicuous 
little hilloeks and ridges exemplified by the “Castle Koppies” on Bekaf 1077, 
formed of Bushveld sandstone, and the outliers of Waterberg duartzite already 
referred to. Most important among the latter group is Pylkop, which falls just 
outside the western boundary of the map. 

In the extreme north of the area the Sand River basin presents more 
deeply dissected country. Notable ridges with a general easterly to east-north- 
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easterly trend are formed by duartzose rocks of the Primitive systems and 
may rise up to 500 feet above the general level of the landscape. 'The most 
conspicuous landmark here is Blaauwkop (about 9,700 feet) formed of 
guartz-magnetite rock. Several minor dyke-like ridges and hillocks arise from 
the latter rocktype. 


INN. THE GEOLOGICAL COMPONENTS 


The formations to be described in the succeeding pages may be arranged 
as follows in descending order: 


( Stormberg lavas 
(i) Karroo system Bushveld sandstones (Cave sandstones) 
Middle Ecca series (Coal measures) 
Post-Karroo dolerite intrusions 
LAE LFSN Unconformity 
# J Arenaceous clastic sediments, mainly duartzitic 
(ii) Waterberg system 1 Amygdaloidal basalts with intercalated sandstones 


Pre-Karroo diabasic sills and dykes 
Syenitic dykes (Age uncertain) 
er LAS UVnconformity 


(iii) Old granite Granitic rocks and related gneisses 
(iv) Jamestown Anorthosites 
intrusives (?) Hornblende perknites 
Serpentines 
(v) Moodies Recrystallised duartzites 
series (?) @uartz-magnetite rocks 


Metamorphosed argillaceous sediments 
Dolomite marbles 


(iii) is intruded into (iv) and (vv), whilst (iv) is intruded into (V). 


IV. THE GEOLOGICAL DISTRIBUTION 


The Karroo system consists, briefiy, of a succession of alternating bands 
of shales and sandstones, correlated with the Middle BEcca series, which, in 
turn, are conformably overlain by soft, white to greenish-white, fine-grained 
often calcareous sandstones identified by characteristic concave weathering 
forms and known as the Bushveld sandstones. 'The latter sandstones are 
succeeded by the Stormberg lavas of small areal development, mostly covered 
by sand and calcrete so that their presence can, with rare exception, be 
only surmised. 

The above mainly sedimentary group of rocks is found at intervals 
throughout the area, and its distribution has been mainly determined by the 
rough topography of a pre-Karroo landscape and by the post-Karroo faulting. 
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The southernmost exposures of Karroo sediments lie in the valleys between 
the main mountain ridges, notably the outliers on Mpefu Location 46, 
Drylands 398 and Mapani 391.”) Between the Dongwe and Masegua's Poort 
ridges lie relatively thin remnants of the Ecca series directly continuous with 
the main mass which stretches right across the entire width of the area, both 
north and south of the Mtamba River. North of the Mtamba River lie the 
main exposures of Bushveld sandstone, conspicuous in the otherwise monotonous 
landscape. North of the Cave sandstones and mainly west of the national road 
are the only exposures of Stormberg lavas in this area, notably o1 Bekaf 107, 
Kleinenberg 1076, Pienaar 1069 and General 1068. 'This main development of 
Karroo rocks ends abruptly on the northern side along a prominent fault, and 
further to the north only minor fault outliers of Karroo sediments are found 
up to the Mopani area. 'These minor exposures lie on Kleinenberg 1076 and 
Rissik 1083 along the national road, on van Deventer 1112 along the M'tamba 
River and south of the Mopani—Chipese road on Stayt 1120. 

From a mile south of Mopani railway station a rarrow fault outlier of 
Becca series stretches north of east up to Grassland 1307. Outcrops are highly 
fragmentary, the succession is probably thin, and the direct continuance 
between sporadic outcrops may be only surmised from the coarse, sandy nature 
of the soil as distinct from the surrounding granite soil, and from differences 
in the vegetation often conspicuous on the air. photographs. 

The northernmost fault outlier of Karroo sediments is to the west of 
Lilliput siding along the Sand River. 'This is mainly Ecca series, but in the 
extreme western part of the outlier is a conical hillock capped by Bushveld 
sa2dstone. In the customary manner it is known as Pramkop. 

The Waterberg system is confined to the southern half of the area. 'The 
Waterberg sediments are almost exclusively arenaceous and may for practical 
purposes be described as a thick succession of dguartzitic sandstones with minor 
pebbly washes. 'The underlying effusive rocks are essentially amygdaloids of 
basaltic composition. 

The distribution of the duartzitic sandstones corresponds to that of the 
main Tidges of the Soutpansberg range already described. North of the 
M'tamba -River a few relatively small fault-outliers of Waterberg sediments 
occur, notably on Phantom 1107, van Deventer 11138 and General 1068. 

The Primitive systems (which term will be used to denote rocks correlated 
with both the Moodies series and the Jamestown intrusives) are nowhere 
exposed south of the Mtamba River. 'They occur mainly as deep synclinal 
infolds in the Old granite. 

The southernmost exposures are mainly strips of recrystallised, white, 
dolomitic rocks and minor developments of recrystallised auartzite. The main 
dolomite strip lies to the west of Mopani and another important one stretches 
from Command 1067 in an easterly direction across Joffre 1075 up to 
Lekkerlag 1082. 

North of Mopani the first important exposures of Moodies (?) duartzite are 
encountered. 'These are completely recrystallised, dead white or translucent, 
coarse-grained rocks, very similar to ordinary vein duartz except for their 
generally well bedded structure. From the north of Mopani these aguartzites 


*) Mapani is a farm in the Soutpansberg range. Mopani is a railway station in the 
north-western part of the area. 
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stretch in a north of east direction up to Waterkloof 1301. 'The bulk of the 
guartzites, however, lie in the extreme north of the area, east and south of 
the Sand River. 

Associated with the dguartzites are bands of duartz-magnetite rock, 
conspicuous as scenic features but of small areal development. 'The main 
magnetite mass is that of Blaauwkop and between Blaauwkop and the railway 
line on Barend 1089. Other conspicuous bands lie north-east of Mopani on 
Erasmus 1078 and Albasini 1085, in the extreme north-western corner of the 
mapped area and in the north-east on Elgin 845. Essentially confined to the 
northern part of the area, individual exposures need not all be enumerated here. 

Highly aluminous gneisses, believed to be metamorphosed shaly rocks, are 
associated with the @guartzites. 'They are of vwidespread but sporadic 
distribution, notable occurrences being on Barend 1089, Piet 1088 and 
Rodeen 1302. 

The Jamestown intrusives are cGunned to the northern portion of the area 
where they form relatively wide, persistent bands between the main ridges 
composed of the Moodies sediments. 

The Old granite and associated granitic gneisses are confined to the area 
north of the Mtamba River. 'Their main areal development is south and east 
of Mopani station. North of Mopani the granitic rocks are of irregular 
distribution occurring essentially between the main outcrops of rock belonging 
to the Primitive systems and as minor ofshoots within the latter. 


V. THE GEOLOGICAL STRUCTURE 
(i) The Geological History in Brief 


The oldest rocks of which there. is any record in this area are the sediments 
tentatively correlated with the Moodies series. 'The geological history, therefore, 
as far as it can be written, begins with the deposition and consolidation of 
these sediments. 

The next event is the intrusion into the Moodies series of various basic 
and tltra-basic rocks provisionally correlated with the Jamestown intrusives. 
There is evidence that the Moodies series had an approximately horizontal 
disposition at the time of invasion by the Jamestown magmas. 

After this came the main geological event — the emplacement of the Old 
granite with all the consedguences that such a major upwelling of magma 
implies, such as the thermal metamorphism, the breaking apart and forceful 
crumpling of the older rocks coupled with their widespread plastic deformation. 
By this means the Old granite and the Primitive systems were thrown into a 
group of overfolded structures, mainly of the isoclinical type. 'The overfolding 
is mostly to the north or north-north-west, but may be to the north-east. 

Long periods of erosion now set in and the older rocks were probably 
repeatedly reduced to a peneplain of erosion before the Waterberg system was 
subseguently laid down. 'There is no evidence of rocks intermediate in age 
between the Waterberg system and the Old granite, and if ever they had been 
present in this area they were completely removed before the deposition of the 
Waterberg system. A minor event following the consolidation of the Waterberg 
lavas and sandstones is their intrusion by diabasic dykes and sills. 
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Another period of denudation now set in followed by intermittent faulting 
along parallel fractures, the sum total of all dislocations being very considerable. 

Probably not long after the post-Waterberg faulting had ceased, the Karroo 
beds were deposited. After their consolidation renewed faulting of the same 
type as the post-Waterberg dislocations took place, in some cases probably 
along pre-existent fault planes. 

Finally the Karroo dolerites were intruded and this appears to have 
continued over a considerable period, some of the intrusions being distinctly 
older and others younger than the faults. 

Post-Karroo sub-aerial denudation, continuing to the present day, 
subsedguently removed most of the rocks belonging to the Karroo system so that 
the oldest rock-types were once more laid bare. 


(ii) The Pre-Waterberg Floor 


To the north of Louis Trichardt village a thick succession of Waterberg 
lavas overlies the Old granite. These lavas are 'interbedded with 
contemporaneous sandstones, and conglomeratic sandstones, identical in 
appearance, strike and dip to the main mass of Waterberg sandstones capping 
the lavas. Altogether there are 5 such sandstone bands in the lavas and the 
total thickness of all the lavas, diabasic sills and subordinate sandstones must 
be near 6,000 feet. j 

In the valleys between the main mountain ridges of duartzitic sandstone 
these lavas repeatedly outcrop, but only of the uppermost sandstone band is 
there any evidence. However, the outcrops in these transverse valleys are 
extremely unsatisfactory, most of the floor rocks being entirely covered by 
guartzitie rock debris and alluvium. 'The contemporaneous sandstone bands 
in the lavas may or may not, therefore, persist northwards, but in any case 
they become much reduced and inconspicuous, excepting the uppermost one. 
That they should die out northwards within the space of 3 to 4 miles is not 
unlikely in view of their erratic lateral persistence along the mountain slopes 
north of the village. 

TO the north of the Mtamba River, notably on (Coenbritz 1101 and 
Fanie 1095, the same Waterberg lavas are again encountered resting on the 
Old granite floor. Here, however, there is no evidence of the contemporaneous 
sandstones, the succession of lavas is very considerably thinner than at the “type 
section”, and at one point on Fanie 1095 the main Waterberg duartzites actually 
come to lie directly on the granite, the latter protruding through the lavas. 


It is concluded 


(a) that the original granitie floor was irregular, at least in parts; 

(b) that the northernmost Waterberg sandstones were deposited directly on 
an old monadnock of granite; 

(c) that in pre-Waterberg times the highlands were towards the north and 
the lowlands towards the south, where now lies Louis Trichardt village. 


(iii) 'The Pre-Karroo Faulting 

The probable existence of faulting in the Soutpansberg has been known for 
some time and has been referred to by Mellor and Trevor (43), Rogers (52), 
du Toit (15) and Taljaard (55). 
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A scrutiny of the geological map of the Union reveals the likelihood of one 
or more faults running in a south-westerly direction across the whole of the 
extreme northern portion of the Transvaal from near the common beacon of 
the Southern Rhodesian, Portuguese East African and Transvaal territories up 
to the confiuence of the Matlabas and Limpopo Rivers. Beyond the latter point 
this probable fault zone crosses the Bechuanaland border, and as far 
south-westwards along the same strike as Malepolole, O. R. van Eeden found 
Waterberg sandstones faulted in exactly the same manner as in the 
Soutpansberg whilst working for the Victoria Prospecting Company in 1933-'34. 
(Verbal communication.) It is evident, therefore, that the faulting in the 
Soutpansberg is only a part of apparently very widespread post-Waterberg 
crustal movements. 

A serutiny of the accompanying map will reveal numerous faults which, for 
purposes of reference, are numbered from south to north along the section 
line. 'There are 18 faults along this line, but the number difers in different 
sections. 

The faults are most numerous in the southern portion of the area and 
become wider apart towards the north. This may be due, in part, to the 
relative ease of locating and tracing faults in well stratified formations as 
compared to the more homogeneous granite rocks. However, it is unlikely that 
anything but minor dislocations were overlooked in the granite areas since the 
aerial photographs tend to show up linear features such as the trace of a 
fault plane on the surface. 

In traversing the Soutpansberg mountains along the main road the first 
displacement is encountered soon after the northern descent is begun, which 
is about (0.75 miles north oi the Mountain Inn. As a result of this fault a 
narrow east-west valley is iormed bounded on the northern side by a rugged, 
precipitous clif. The basic amygdaloid is hereby exposed to the east of the 
road. The fault runs due east-west and is for all practical purposes a strike 
fault. Its throw is about 1,250 feet, the southera block having dropped relative 
to the northern. 

At the foot of the main descent, about 14 miles further north, the second 
displacement is encountered. 'lts effect is the same as the first, resulting in 
an exposure of basic amygdaloid well seen along the roadside in the 
north-eastern corner of Punch Bowl 388. 'The throw in this case has a 
maximum value of 600 feet, but it lessens both to east and west and the fault 
could not be traced far east of the road. 

The next fault involves a considerable throw of not less than 3,250 feet 
where it is traversed by the road. 'The magnitude of this displacement 
apparently dies down both to east and west, as the previous one. It is primarily 
responsible for the formation of the wide valley floored by lavas to the south 
of Wyllie's Poort. Eastward the valley pinches out into the Devils Gorge and 
westward it narrows down to a deep defile on Little Leigh 486. Still further 
westward the fault divides into two and is the direct cause of the extremely 
wild scenery on Sandbach 488 already referred to. 

The fault is characterised by a conspicuous, relatively wide zone of breccia 
and gouge, firmly cemented by secondary silicification. 'This breccia zone locally 
tends to stand out in relief, notably on Morning Sun 381. Locally it is 50 to 
100 feet wide and of a nearly vertical orientation, but has a slight inclination 
to the south, indicating a small hade. 
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In Wyllie's Poort is a relatively small dislocation, provisionally estimated 
at 700 feet, west of the road along the section line. 

At the northern exit of Wyllie's Poort the sandstones are once more faulted 
against the lavas. 'This is fault No. 5 and its effect is a repetition of conditions 
at Nos. 1, 2 and 3. 'The magnitude of this throw is somewhat uncertain since 
another probably powerful fault lies immediately to the north hereof. However, 
the combined effect of these two displacements, as deduced from the relative 
positions of the Wyllie's Poort and Masedua's Poort ridges, amounts to a throw 
of about 4,000 feet. Bast of the national road, en route to the M'fundusi Lake, 
fault No. 5 may be very clearly seen to cut obliguely at a low angle across the 
strike of the Waterberg sediments. 'The basic lavas exposed as a result of 
this fault are mainly covered by Karroo beds. 

Fault No. 6, immediately to the north of Masedua's Poort, needs special 
Comment. Apart from involving yet another repetition of the conditions at 
the former dislocations, it is peculiar in that it runs in a wavy almost zig-zag 
manner along a general east-west course. From Maatsa Poort on M'pefu 
Location 467 its curvature is normal up to about the boundary between 
Zwartfontein 1179 and Masedua 1177, whence it swings south-westwards almost 
at right angles to its former course. 

This deflection is explicable on the grounds of a pre-existent north-east 
trending oblidue fault, evidence of which is to be found on Jazz 1178 and 
Kidsgrove 481. It seems probable that the normal east-west course of fault 
No. 6 was deflected for a few miles along the course of the obligue displacement. 
From Masedua's Poort westward the former dislocation persists in its wavy 
to zig-zag course up to Kalkbult Annex 1139, from where it continues further 
westward in a normal manner. Fault No. 6 is estimated to involve a throw 
Of 5,400 feet. 

The next prominent dislocation is No. 9 to the north of the Dongwe ridge 
which demarcates the northern limit of the Soutpansberg mountains, as stated 
above. It can hardly be incidental that this fault in so far as it can be 
traced, follows a wavy course in complete sympathy with the defiections of 
No. 6. It seems likely that it was affected by an obligue fault or line of weakness 
parallel to the one referred to above and running from the western portion of 
The Folly 483, where it forms a deep conspicuously straight valley, up to where 
the Dongwe ridge so suddenly terminates on southern Windhoek i099. 'This 
second obligue structure would at the same time account for one of the 
defiections in the course of fault No. 6, to the west of Masegua's Poort. 'The 
effects of such pre-esistent oblidue faults would obviously be much obliterated 
by the later strike faulting. 'Their probable presence, however, is reflected in 
the topography, exemplified by the obligue, straight clefts through the main 
mountain ridges on The Folly 483 and Kidsgrove 481 to Northwitch 482. 

Along the geological section line there is no evidence of faulting between 
displacement No. 9 and the Mitamba River. However, west of the national road 
on Sulphur Springs 1029 a small inlier of Waterberg duartzitic sandstones 
protrudes through the Karroo beds. lImmediately north of the guartzitie inlier 
is a spring and a few exposures of basic amygdaloid. Accordingly faulting must 
have been operative in the formation of this inlier. 

At this stage it will be opportune to induire into the age oi the faults so 
far described. In this connection it will be observed that on M'pefu Location 467, 
Mapani 391, Paradise 384, Jazz 1178, Onverwacht 1176 and Masedua 1177 the 
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basal beds of the Ecca series rest directly upon Waterberg lavas. Since these 
lavas had become exposed only as the result of faulting, as described, it follows 
that the faulting must necessarily have taken place before the deposition of 
the Karroo beds. Had this not been so, the Karroo beds would have overlain 
the guartzitic sandstones, not the lavas, as illustrated by sections A and B, 
Fig. 1. Pre-Karroo faulting is hereby unduestionably established. Corroborative 
evidence is that conspicuous post-Waterberg faults are entirely covered by the 
Karroo beds without any trace of faulting in the latter, as on M'pefu 
Location 467, Grootgeluk 1175 and the faulted inlier on Sulphur Springs 1099 
referred to in the preceding paragraph. Failure to trace a fault does not disprove 
its existence, but the sudden termination of powerful post-Waterberg fault lines 
at the Karroo contacts can leave little doubt on this score. Dr. F. C. Truter, 
working well to the west of this area near the salt pan, found boulders in the 
basal conglomerates of the Karroo system which consist of highly brecciated 
Waterberg auartzite. (Verbal communication.) 'This lends added support to 
the already adeduate evidence pertaining to pre-Karroo faulting. 

At the same time the existence of approximately parallel post-Karroo faults 
with similar effects is evident and a glance at the map will reveal several 
instances where Karroo rocks had been displaced. 

It is not in all cases possible to distinguish between the two groups, since 
the presence of Karroo rocks is a necessary pre-reduisite for the establishment 
cf the age relation and this reguirement is not always met in the field. 
However, it seems more than likely that faults Nos. 1-9 represent a group of 
pre-Karroo dislocations. Faults Nos. 10-18 are probably all of post-Karroo age. 

Faults Nos. 1-9 involve a total throw of about 20,000 feet. 


(iv) Post-Karroo Faults 


Fault No. 10 is the first conspicuous post-Karroo displacement encountered 
from south to north. By its means the Stormberg lavas and Bushveld 
sandstones abut against the Old granite, the Waterberg system or pre-Karroo 
diabase. 'This entails a relative downthrow to the south, as before. Stormberg 
lavas exposed on Bekaf 1077 have been referred to by A. W. Rogers (52, p. 45). 
Tt should be pointed out that the Stormberg lavas are faulted down against 
the Waterberg lavas and that the bulk of the volcanic rocks found here along 
the roadside belong to the latter group. For one to two miles east of the 
main road on Bekaf 1077 an anomalous dip in the Bushveld sandstones is 
unusually conspicuous along the fault line Normally the beds here dip 
10” to 16” in a northerly direction, but along the fault and in its immediate 
vicinity, they dip about 20* southwards, thus forming a typical drag fold. 

In the extreme western part of the area immediately north of the Mtamba 
River on G@ualipan 1027 is an outcrop of Bushveld sandstones which is 
duplicated a little further north on Pienaar 1069. A fault may therefore be 
assumed on the northern side of the @ualipan exposure. 'This fault could not 
be traced eastwards since the Karroo beds are mainly covered by deep soil, 
masses of calerete, sand and rock debris of the Waterberg sandstones. 'Thus, 
between faults Nos. 9 and 10, east of the national road, there are probably two 
intermediate dislocations, one pre-Karroo and the other post-Karroo. 

Dislocation No. 14, running from General 1068 in the west up to and beyond 
Stayt 1190 in the east is of special interest in that it represents the only instance 
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where the downthrow side is to the north, thus forming a graben between this 
and the next fault. Hereby Karroo sediments and Waterberg lavas abut against 
the Old granite on the south, and by the agency of fault No. 15 they similarly 
come to an abrupt ending against granite in the north, near the trigonometrical 
beacon. Similarly, the granite block between faults Nos. 13 and 14 is a horst, so 
that the reversal of throw in fault No. 14 produces both a horst and a graben 
in the otherwise monotonous succession of step faults. 

Fault No. 14 forms a remarkably conspicuous linear feature on the aerial 
photographs across the whole width of the area. This results from the marked 
difference in vegetation on its northern and southern sides respectively. 'There 
is remarkably dense Mopani bush to the south of the fault and relatively sparse 
vegetation to the north of it. For many miles there are no rock outcrops along 
the fault and not even a difference in the colour or texture of the soil between 
the two sides of the dislocation. ËEven the linear arrangement of the Mopani 
bush, so conspicuously displayed on the photographs, is not evident from an 
ordinary traverse in the flat, bush country, since it does not appear to be 
different from any other clump of dense Mopani bush. This is an extremely 
fine illustration of the use of aerial photography in geological mapping. (See 
Plate I, Fig. 4.) 

Tt is furthermore of interest to note that whilst the effect of fault No. 14 
is reversed in the eastern rFart of the area, the fault line has been traced beyond 
the western boundary by Dr. O. R. van Eeden and there found to have the 
aormal effect, viz. the downthrow side to the south. This means that either 
(i) it is a rotational fault, or (ii) its effect has been more than compensated by 
dislocation No. 10 which appears to coalesce with it further westward. 

The general run of the faults and their probable magnitudes are such as to 
suggest that a major horst was formed between dislocations Nos. 10 and 14 and 
that the faults numbered 11, 12, 1%a and 18 represent lesser fractures between 
the two great displacements. 'This interpretation implies a post-Karroo age also 
for faults Nos. 12, 12a and 13, which may on any other basis be egually well 
regarded as of pre-Karroo age. 

The Waterberg sandstones on Phantom 1107 and van Deventer 1112 
(f. 11-18) are so profoundly brecciated and disturbed that it is nowhere possible 
to gain a reliable impression of the true dip. 

Further to the north displacement No. 16 has let down the Karroo sediments 
in the south against granitic rocks and dolomite to the north. 'This constitutes 
a repetition of conditions at fault No. 10, and anomalous dips due to drag are 
similarly developed. 

Faults Nos. 17 and 18, in the extreme north, appear to be two branches of a 
single displacement west of this area. 'The former affects the Karroo strata in 
the normal manner, letting down the Ecca series and the Bushveld sandstones 
against granitic gneisses and anorthosites. In this connection 'Trevor and 
Mellor (43, p. 29) state: “The (Bushveld) sandstones . ... probably rest in places 
directly upon the old gneisses and schists, which OoCCUupy the greater part of the 
country north of the Soutpansberg, but in other cases they are underlain, as 
in other parts of the Transvaal, by Coal measures. 'This is the case on the 
farm Scheveningen (1484), where the Bushveld sandstones form a conspicuous 
fantastic kopje on the north side of the Sand River ... .” This statement is 
definitely incorrect, since the Bushveld sandstones come to lie against granitic 
gneisses solely as the result of faulting, and little further eastwards at 
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PLATE I 


(1) The great promontory of Hanglip with the Louis Trichardt flats in the background. 

(2 & 38) Wyllie's Poort. 'The photographs illustrate the narrow passage of the national 

road and the Kandaname River throush Waterberg sandstones. (4) Aerial photograph 

indicating the linear arrangement of vegetation along fault No. 14 on Joffre 1075. 

(5) Northward view from Blaauwkop illustrating hills of medium relief along the 

Sand River. (6) Southward view from Blaauwkop showing flat, bushy country with 
the Zoutpansberg range in the background. 
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Lilliput, coal has, in fact, been mined on relatively large scale in the underlying 
Coal measures. Another statement by Trevor and Mellor (43, p. 22) to the effect 
that “the Karroo rocks as a rule have suffered little disturbance since their 
deposition .. . .” probably needs revision. 

Fault No. 18 affects only the Primitive systems and Old granite, but being 
a branch of No. 17 is, no doubt, of post-Karroo age. Running parallel to the 
strike of steeply inclined, folded rocks, it is difficult to trace in an easterly 
direction. . 


(V) The Pre-Karroo Landsurface 


It has been shown that the fsulting in the Soutpansberg is of pre-Karroo 
age and that the sediments of the latter formation were laid down on Waterberg 
lavas in the valleys between the main ridges of auartzitic sandstone. Hence it 
should be obvious that these valleys and ridges must have been present when 
the Karroo system was laid down. In other words, the present-day Soutpansberg 
landscape is essentially a pre-Karroo landscape. 

The great masses of Guartzitic rock debris along the footslopes of the main 
mountain ridges and covering the greater part of the intermediate valleys have 
been alluded to. It is found that the basal sandstone beds of the Ecca series 
are deposited on top of this rock debris, and that boulders, pebbles and irregular 
fragments of this Waterberg rubble are cemented by the basal sandstones of 
the Ecca series and are found in the sandstones up to a few feet above their 
base. 'This is indicative of semi-arid continental sedimentation. 'The fragments 
of rock debris derived from the Waterberg duartzitic sandstones may be readily 
identified in the light, greyish-white sandstone of the Bcca series by their 
characteristic red-brown colour. 'This state of affairs may be clearly seen on 
M'pefu Location 467 about a mile north-east of Maatsa Poort just east of the 
river and not far irom the locality referred to by Trevor and Mellor (43, p. 15) 
as Roets” claims. 

The youthful topography of the pre-Karroo landscape in the Soutpansberg 
area is not in evidence further northwards. 'The area must have been reduced, 
as far as the evidence goes, to a relatively flat peneplain of erosion, as indeed it 
is today, on which the basal Karroo beds were deposited in a uniform manner. 
Protuberances through the basal Karroo beds may have been formed by 
prominences such as Blaauwkop and Pylkop, but this is mere speculation. 
Evidence of irregularities in the pre-Karroo floor is furnished by the inlier of 
Waterberg duartzitic sandstone on Sulphur Springs 1099, which protrudes 
through the Bcca series, and by bands of aguartzite and ironstone (Moodies 
series) which similarly penetrate the Ecca series on southern Voorburg 852, 
south of the Sand River. 


(vi) Discussion of the Faulting 


The faults so far described are clearly a group of stepfaults with one 
intermediate horst and graben structure. Except for this horst and graben 
structure, the southern block has invariably dropped relative to the northern, 
and there is much repetition in the effects of these dislocations. Some of them 
are truly strike faults, but they may cut at various angles across the strike of 
the formations. The dip of the fault plane cannot in all cases be determined, 
but where seen it is inclined steeply to the south. 


19 


These faults may be either a group of normal, dip-slip faults resulting 
from tensional stresses, or they may be reverse dislocations conseguent upon 
wide-spread compressive stresses. 

If they are due to compressive stresses powerful enough to effect 
displacements of the order of magnitude so far indicated, at least local 
overthrusting should have been observed. 'This was nowhere seen. Except in 
the immediate vicinity of the fault planes the faulted blocks are generally not 
brecciated, exceptions being the minor remnants of Waterberg duartzite between 
the closely spaced faults in the horst and graben area. Yet in the event of 
reverse faulting or overthrust advanced brecciation should have been observed 
in at least the overriding blocks. Except for the effects of drag described in a 
previous section, no folding, buckling or contortion of any description was 
observed, the strata maintaining a perfectly uniform dip throughout. The basic 
lavas are incompetent in relation to the very resistant guartzites of the 
Waterberg system, and in the event of major fractures caused by compressive 
stresses the lavas should have been highly sheared or puckered. 'Thus, in the 
Barberton district highly schistose lavas are common in the eroded anticlinal 
arches of the Moodies duartzites, which are themselves but slightly affected. 
But the Waterberg lavas, even close to the fault planes, are duite unsheared 
and no cataclastic structures were observed in thin sections of material sampled 
near to fault planes. Finally, compressive stresses must have acted from the 
north so that the northern one of two blocks is in each case the overriding 
block with respect to the southern one. The inclination of the fault planes, in 
so far as they could be gauged, is opposed to this view. 'Thus, although mainly 
negative, the evidence does not favour reverse faulting and it may be considered 
established that the dislocations are normal, dip-slip tension faults. 

Stepfaults and graben structures have been variously ascribed to 
compressive and to tensional stresses. 'The controversy over the East African 
Rift Valley system is, for instance, well-known. Thus Prof. Gregory *) ascribed 
the rifts to tension, stating that “the top sank as the keystone of a bridge sinks 
if its buttresses slip or settle”. Dr. Ball of the Egyptian survey believes that “the 
faulting was chiefiy brought about by compressional folding of the crust”. 'The 
compression hypothesis of E. J. Wayland (65, p. 348) in connection with the 
Lake Albert Rift Valley is today well-known. According to this view “fracture 
took place along opposing faults splayed at 45” to the direction of pressure. 
Therefore the two arches fractured and opposing masses glided up along the 
fracture planes while the block between them was sdueezed down. As the rift 
blocks were pressed down the demands of gravity led, where necessary, to 
adjustment along the overthrust rift sides by stepfaulting.” Fuller and Waters 
(18, p. 204-38) strongly contest the likelihood of the hypothesis set ferih by 
Wayland and ascribe horst and graben structures to tension in a highly 
convincing manner. In any case, even Wayland ascribes the stepfaulting, as 
apart from the main rift formation, to tension, and without entering into all 
these discussions it seems safe to.say that stepfaulting with intermediate horst 
and graben structures are phenomena associated with tensional rather than 
compressive stresses. 

Where widespread tensional stress is relieved by stepfaulting the nett result 
would be a lengthening of the surface, otherwise relief could not be accomplished. 


*) The Rift Valleys and Geology of East Africa. d 
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A lengthening of the landsurface would be aided by forward tilting of individual 
fault blocks. 'Tilting of fault blocks is, in fact, an extremely common 
concomitant feature of stepfaulting and egraben formation as stated by 
C. M. Nevin (50, p. 914), B. Willis (66, p. 157), Adolf Knopf on the Owens Valley 
in the Sierra Nevada (33, p. 90-91) and F. A. Waring (63). Dr. F. C. Truter in 
his August report on the fieldwork in the Soutpansberg west of the area under 
discussion, states that 'in the west where the pre-Karroo and post-Karroo 
planes of movement roughly coincide with one another the Waterberg rocks are 
horizontal or dip at very low angles either to the north or south, but in the 
east where these planes deviate from one another the northerly dip increases 
to over 30”, the rocks having apparently been dragged down in the direction 
as a result of downfaulting to the north in post-Karroo times”. 'Truter 
nevertheless ascribes the deformation to compression. 

An important result emerges from the tilting of individual fault blocks. It 
is that if stepfaulting takes place between a point N in the north and a point 
S in the south, then the relative displacement between N and $S does not egual 
the sum-total of all the throws in the intermediate stepfaults. An observation 
to this effect has been made by O. R. van Eeden. It is schematically illustrated 
in Fig. 2. . 

Thus if SN, Fig. 2A, represents a stratum dipping northwards, and if this 
stratum be faulted without any tilting of the fault blocks, in the manner shown 
in B, then the total relative displacement would be SP and edgual to the 
sum-total of all the dislocations. 

If, however, as in C, the band S$ N was originally horizontal and the stratum 
then assumes a northerly dip solely by means of pivotal faulting or tilting as 
shown in D, then there is no displacement between $ and N although faulting 
in the intermediate area may be of egual magnitude to that shown in B. 'This 
extreme case is unlikely to be realised in nature. 

Finally E shows the combined effect of vertical displacement of the stratum 
Coupled with forward tilting. 'In this event the total displacement between 
S and N would be less than the sum-total of the individual throws shown 
in E, and the difference between the two values would be proportional to the 
degree of tilting. 

The effect of the stratigraphical dip is to bring the beds down to 
successively lower levels northwards whilst the faults tend to bring them 
to successively higher levels. These two infiuences therefore militate against 
each other until the faulting finally more than compensates for the effect of 
dip and the Waterberg system is nowhere found north of fault No. 15. 

If it be assumed that the Waterberg sediments maintain an average 
northerly dip of 20 —a figure which is probably not far out—then the 
sum-total of all the dislocations between the southernmost guartzitic sandstone 
along the section line (.e. on Schyffontein 379) and the northernmost exposure 
of Waterberg sediment on Fanie 1095 (fault No. 11) would be 99,600 feet after 
making due allowance for the differences in altitude. 

North of fault No. 11 the magnitude of individual displacements cannot in 
all instances be determined. Since the Karroo sediments maintain a general 
dip of 107-12” northwards and successively re-appear on a practically fat 
landscape the total displacement may be readily calculated. Without allowing 
for the reversal caused by fault No. 14, as described, this calculation gives a 
figure of 12,120 feet. The magnitude of fault No. 14 cannot be estimated, but 
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it seems safe to say that the sum-total of all the displacements involved in the 
stepfaulting is a figure of the order of magnitude of 40,000 feet. However, it 
has been shown above that the total relative displacement between the egtreme 
north and the extreme south of the area under discussion need not egual or 
even approach this figure, owing to tilting of the faulted blocks. 


The post-Karroo and the pre-Karroo faults are approximately parallel to 
each other and their effect is the same, viz. essentially a repetition of downthrows 
on the southern side. Such similarity can hardly be incidental and is suggestive 
of a causal connection between the two fault groups. It is possible, for instance, 
that the post-Karroo faults are in large part, if not entirely, renewals of 
movement along pre-existent fault planes belonging to the post-Waterberg 
period of deformation. in this event the sum-total of all throws may be much 
above the figure of 40,000 feet dguoted in the preceding paragraph. Thus Lahee 
(37, p. 195) stated that “in many cases the process of dislocation is probably 
intermittent, although the stresses may be applied continuously and uniformly. 
This is because the rock does not break until its resistance is overcome. 'Then 
it gives way suddenly and the relief is followed by another period of duiet 
during which the stresses again `accumulate until they occasion another 
movement, generally on the old fractures.” No direct proof was found that the 
post-Karroo faults are renewals oi movement along pre-Karroo fractures, but 
from general considerations this does not seem to be unlikely. 


In connection with Lahee's statement above it seems duestionable whether 
the pre- and post-Karroo faulting can be regarded as parts of a continuous 
process. 'The time interval between the completion of post-Waterberg faulting 
and the renewal of movement in post-Karroo times is enormous and entails 
inter alia at least part of the sculpturing of the Soutpansberg topography as 
well as the deposition and consolidation of the whole Karroo system. 'This 
interval is no mere intermittent pause in the movements during which Ee 
stresses accumulated, but divides the faults into two distinct systems. 


The platy fiow structures in the granitic gneisses maintain on the whole a 
north of east strike with a high dip east of south. 'The same is true of the 
main Xxenoliths of the Primitive systems and the orientation of the fold axial 
planes. It is significant that this is also the orientation of the pre- and 
post-Karroo fault planes, and it is suggested that the general “grain” of the 
basement rocks was a determinative factor in the disposition assumed by the 
fault planes. Being common to both the pre- and post-Karroo faults it accounts 
for their general parallelism, although renewal of movement in post-Karroo 
times along fractures of pre-Karroo age would egually well account for it. 

The similarity of movement in the two fault systems, viz. a repetition of 
downthrows towards the south, suggests a causal connection between the two 
groups of dislocation. In the absence of any definite information on the duestion 
of origin the problem resolves itself into a matter of pure speculation, and the 
dangers of this realm are fully realised. Yet it may be useful to form some 
mental picture as to how these conditions could have been effected. 

It is tentatively suggested here that the faults resulted from the restoration 
of eguilibrium as reduired by the principles of isostasy. 'The eduilibrium in the 
earth's crust was disturbed by the long-continued periods of denudation in the 
extreme north which proceeded at a greater rate than further southwards. 
Conseguently the landsurface in the deeply denuded areas tended to rise relative 
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to the more stable areas where denudation was impeded by resistant formations. 
The rising of the landsurface relative to more stable zones resulted in an arching 
Or warping of the unstable zone which necessitated a lengthening of the 
landsurface and the conseguent setting up of tensional stresses. 'These stresses 
were subseguently accommodated by faulting where the periphery of the two 
zones ran parallel to the general grain of the basement rocks. 'The cycle of 
events may have been repeated several times. 

The above view is analogous to that expressed by Daly (14, p. 112-150) in 
connection with the basining of the floor under the load of great ice caps and 
the subseduent plastic upwarping of deglaciated tracts. Daly states that 
“vertical shearing stresses along the edge of the cap are incomparably greater 
than in the central region. ln general the individual displacements in the 
vertical sense should be small and not represented by conspicuous iractures 
and faulting at the surface of the earth.” He continues by saying that if this 
be true for ice caps, it is “true also when rock matter is eroded oif all of a 
continent giving a negative load”. In the case of differential “unloading” of a 
continent by denudation there appears to be no reason why peripheral stresses 
should not result in conspicuous fractures, for the unloading involved may in 
some cases be far greater than in the melting of ice caps. 

In applying these ideas to the northern Transvaal, the Soutpansberg 
mountains must be deemed the peripheral zone, the area south thereof the 
stable zone and the country northwards the zone of relative uplift. In this 
connection it is significant to note that the spacing of the faults is closest and 
their individual magnitudes generally greatest in the southern portion of the 
area under consideration, that they become wider apart northwards in a more 
or less progressive manner, and that north of the Sand River up to the 
Limpopo *) only one prominent dislocation exists. Another matter of interest 
is that the faulting was interrupted during the time of deposition of the Karroo 
system, but was resumed, although on a smaller scale, when these strata were 
once more subjected to erosion. Stability must have been finally restored 
when erosion south of the Soutpansberg proceeded at about the same rate as 
further northwards. 

If the effects of the faulting as described in previous pages have been 
correctly interpreted it would mean that the landsurface now exposed in the 
extreme north of the mapped area must have been brought up from a very 
considerable depth, probably from an original zone of rock #flowage. This 
conclusion has an important bearing on the nature of the rocks of the 
Primitive systems, as will be shown later. If no tilting of the faulted blocks 
occurred, these rocks must have been raised at least 40,000 feet to become exposed 
in the Sand River section. Probably this figure is excessive, and considering 
the effects of tilting, as described, it may be of an altogether different order 
of magnitude. 

The high angle faults described, known as “Plateau type”, have been 
variously referred to as downthrows to the south and as uplifts to the north. 
This difference is more apparent than real, for any section uplifted higher than 
the one adjacent to it as the result of upwarp is upthrust relative to the 
other. Any section held back or depressed by the action of gravity is downthroun 
With reference to the adjacent block. The fault movements may accordingly 


*) Verbal communication by P. G. Séhnge. 
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be regarded as due to upthrust, downthrow or both, but in all cases the effect 
is a normal fault. 

In any upwarped region originally horizontal strata must come to dip away 
from the domed area. Apparently, therefore, the northerly dip of all sediments 
in the area under discussion is an anomaly. It is not known what the inclination 
of the Waterberg sediments was when pre-Karroo faulting commenced. 'The 
strata may, in fact, have dipped northwards, but this is very unlikely since 
the lowlands had lain to the south at the time of their deposition, as previously 
stated. Yet today their northerly dip coupled with relative uplift in the north 
are undeniable features, so that rather extreme forward tilting of the order 
20-25” of individual fault blocks must be assumed. 

Post-Karroo faulting entailed a tilt of about half this figure. 

If now the northerly dip of the sediments is mainly due to tilting—ie. 
pivotal faulting — much variation in the degree of tilting and hence in the 
dips of the strata in different fault blocks is to be expected. It is true that dips 
ranging in magnitude from 18” to 48” were registered, but these are in the 
nature of local deviations from a general inclination seldom differing much from 
the above figures of 20” to 25”. 'This relative uniformity in the inclinations 
of the various fault blocks is opposed to the view of large scale tilting of the 
blocks, although it does not exclude the possibility. On the other hand it will be 
seen from Dr. 'Truters observations, duoted above, that the incliz2ations of 
fault blocks differ from horizontal to 30” north which supplies unguestionable 
proof of a relative tilting between the two blocks of 30”. 


(vii) Geological Structures of Pre-Waterberg Age 


The pre-Waterberg rocks are confined to the northern half of the area and 
include rocks classified as Old granite and Primitive systems. 

In the essentially granitic areas the structure is very difficult to discern, 
since the bulk of the rocks are not exposed at the surface but covered under a 
typically “granitic” soil. 'n the eastern portion of the area the “gneiss” could 
be clearly seen to strike mainly east-west and on southern Smuts 1124 the 
structure is clearly a synciine overfolded northwards. 'The strips of dolomite, at 
least in some cases, lie i1 such synclinal structures. 'The flow layers are inclined 
southwards by 40* to 15”, mostly round about 65*. Flow lines have a slightly 
east of north strike in the south-eastern part of the granite area. 

Further to the north the Primitive systems are thrown into a series of 
closely overfolded structures, mainly of the isoclinal type, but not invariably 
SO. 'The overfolding is mainly northwards, varying from north-east to 
north-west. 'This implies a south-westerly to south-easterly inclination which 
varies generally from 60” to TB”. 

In the absence of readily traceable “markers” closely folded structures of 
this type are difficult to elucidate. They cannot be determined merely by 
measuring dips, as in the case of open folds, for the inclinations may vary as 
much or more in one limb of a fold as between two separate limbs. 'The 
existence of such structures has to be deduced from general considerations such 
as the duplication of similar beds in reversed order and the canoe structures 
resulting from the pitch of the fold axis. The anticlinal or synclinal nature 
of a fold structure already established has similarly to be deduced from 
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considerations of a general nature and may in some cases remain unsolved. The 
criteria pertaining to these matters are described in standard text books and 
need not be unduly enlarged upon here. However, a method which presents 
itself, but which does not appear to have been described in standard works on 
geological structure to which reference was made, may be profitably placed on 
record here. 'The method is somewhat laborious and limited in its applications, 
but has freguently been employed with success in the Moodies series. The 
procedure consists in first determining the stratigraphic base and top respectively 
of the closely folded strata conceraed. These can be deduced by the ordinary 
methods from the finer sedimentary structures such as cerossed bedding, ripple 
marks and the transverse textural variations in single beds and laminae 
(vide 37, p. 84-88). 

The determination is made at intervals across the strike until a sudden 
reversal in the respective directions in which the top and base lie, is encountered. 
It may then be safely inferred that a fold axis lies between this and the 
previous point determined. If the top is away from this determined axis, the 
fold is anticlinal. If the stratigraphic top is towards the axis, the fold is 
synclinal. 'This method is furthermore useful in distinguishing between strike 
faults and fold axes in closely folded strata. If a fold axis be traversed, there 
is necessarily a reversal of the direction in which the top (and base) lie; but if 
a strike fault be crossed, there is not necessarily such a reversal. 

The limitation of the method lies in the freguent absence of the finer 
sedimentary structures where they are most needed, and it is obviously not 
applicable to rocks which have suffered more than moderate metamorphism. It 
is of most use in arenaceous clastic sediments which have been closely folded. 

The southernmost definite syncline is that of Blaauwkop. 'This conspicuous 
hill, if viewed along the strike from the national road, is seen as a distinctly 
synclinal structure overfolded northwards. 'The beds both north and south of 
Blaauwkop (auartzite and duartz-magnetite rock) tura round on the Lilliput 
road to form a somewhat distorted canoe structure. 'The southernmost limb of 
this canoe structure is duplicated further south in reversed order by ironstones 
and duartzites near the homestead on Barend 1089. 'The structure here, 
accordingly, must be anticlinal and has been so interpreted on the geologic 
sectio1 @R. 

The series of anticlines and synclines shown in section @R. could not be 
traced continuously either to east or to west, since the rocks were invaded by 
gra72itic gneiss to the extent of leaving mere remnants, often isolated and 
disconnected, as xenoliths in the granitic rocks. If now this group of 
sediments,”) fragmentary as they are, be traced along the strike in a westerly 
direction, they are found eventually to swing round northwards on Kitchener 1070 
and may be traced intermittently to the disconnected remnants of these rocks 
on southern Voorburg 852. It appears, therefore, that the whole group of fold 
structures was swung bodily round towards the north along a secondary or 
Superimposed azxis—a process known as crossfolding —and at the same time 
granitised to the extent of leaving mere fragments of the original succession. 

Traced in an easterly direction towards Waterkloof 13801 the exposures of 
sedimentary rock similarly become highly fragmentary. 'The structure is shown 
in section YZz. 


*) Their origin will be stbseguently discussed. 
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The anorthosites lying to the north of Blaauwkop are presumably similarly 
tolded. In the extreme west on Zwartrand 11387, southern Voorburg 852 and 
Kitchener 1070, these rocks form two clearly defined anticlines, and although 
these fold structures could not be traced continuously to the east, some fold 
structure may be inferred there as well. 

In the extreme north-west of the area (Frome-Ryswyk) the anorthosites 
and duartzites form a distinctly synclinal structure of the canoe type, pitching 
south-eastwards. 'The duartzites involved in this fold, when traced south- 
eastward, divide into a number of separate synclines and anticlines, all overfolded 
northwards, thus giving rise to a synclinorium. 'The various fold axes involved 
are. plotted on the map and the southernmost one of these is presumably 
eliminated by fault No. 18 east of the national road; but it is practically 
impossible to distinguish here between the effects of a strike fault and a fold 
axis in the highly inclined metamorphosed strata. A provisional interpretation 
is that of section XY. 'The whole synclinoral structure here described has been 
erossfolded with respect to a secondary or superimposed fold axis lying to the 
north of the northern corner beacon of Cavan 850 and inclined southward at 
an angle near vertical. 'That is, the superimposed fold structure is anticlinal 
and has a nearly vertical pitch. 

The structure here described reduires the duartzites to lie as a basined 
structure in anorthosites. Yet on Elgin 845 the duartzites lie in granitic gneiss 
instead. 'This discrepancy is more apparent than real and results from the 
virtual impossibility of presenting transitions in static form. Actually the 
granitic area mapped along the Sand River on Elgin 845 is no true granite 
but a migmatite formed by the assimilation by the granitic magma of much 
anorthosite and associated perknite bands, thus giving rise to varied gneisses. 
Similarly the anorthosites of Frome 857 and Stoke 839 in the extreme north 
have been very much injected by granitic material. In fact, the distinction 
between what should be classed with the Old granite and what should more 
properly go with the Primitive systems is very indefinite and depends mainly 
on the taste of the geologist concerned, as will be shown later. 

Reference must be made to well defined fold structures which are on a 
relatively minor scale, although numerous, and in which no attempt was made 
to elucidate the details of the structure. Such are the contortions of guartzites 
and ironstones on northern Voorburg 852 and Ryswyk 853. 

The flow layers (or platy #low structure) and flow lines (or linear 
flow structures) were recorded as far as possible. The former are tabular 
or disc-like bodies composed of essentially the same minerals that build 
up the bulk of the surrounding rock, but in different proportions, whilst 
the flow lines are evident from the linear arrangement of prismatic 
minerals within the planes of the individual #luxion bands. 'The linear 
flow structures are obviously the more difficult to discern and could 
not be determined in all cases where platy flusion structure was clear 
enough for measurement. 'The strike and inclinatioa of the fluxion bands are 
Tecorded like ordinary sedimentary strata. Where flow lines could be seen, they 
are shown as a projection in plan, as indicated in the legend. These structures 
are ordinarily ascribed to flowage in the original magma, prior to consolidation. 
It will be subseguently shown that this is not necessarily true and that the 
lineation of some manifestly igneous rocks is not a primary feature. The How 
lines plotted by the above methods in the granitic gneisses were found to have 
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persistently the same strike as the direction of maximum elongation in the 
plastically deformed Primitive systems. Whether due to flowage of a magma 
(granitic gneiss) or to plastic deformation of solid rocks in the zone of flowage 
(duartzites and ironstones), they are referred to as limeation and are not 
distinguished on the map. It will be observed that. the lineation is probably 
the most constant structural feature in the whole area, traversing all the 
Primitive formations alike, irrespective of the strike of fold axes or the 
Orientation of platy structures and sedimentary bands. 

A detailed discussion of the geological structure and the deformation 
alluded to will involve a description of several rock-types concerned, and in 
order to avoid repetition this discussion will be deferred until after the 
descriptive section which follows immediately below. Suffice it to say here that 
the parallelism of linear structures in the granite and the Primitive systems as 
well as the like orientation of fiuxion banding in the granite and stratification 
planes in the Primitive systems point unduestionably to a causal relation between 
the emplacement of the granitic magma and the dyiamic metamorphism of 
the rocks in the Primitive systems. 

It may be added here that this area is part of a very complicated 
metamorphic province. 1t may be assumed that the Moodies (?) series was 
first thermally metamorphosed by the intrusion of the Jamestown rocks and 
that the thermal metamorphism following the invasion of these rocks by the 
Old granite was superimposed upon the former. At the same time the rocks 
suffered intense dynamic pietamorphism whilst profound changes were effected 
by metasomatic replacements described under the general heading of 
granitisation. 


VI. THE KARROO SYSTEM 
(i) General 


This system has been freguently described in great detail, and. so many 
bore-hole records of the succession have been made in prospecting for coal 
that the following account must necessarily involve a repetition of well-known 
facts and need not therefore be long. 

Du Toits very adeguate review of the Karroo system is strictly applicable 
to the extreme northern Transvaal. As stated (15, p. 903), an abbreviated 
succession is the rule in the north, often coupled with a great reduction in 
thickness; the glacial conglomerate is sporadically developed or absent so that 
the succeeding strata repose on a pre-Karroo floor; the Bcca series is of an 
entirely different nature to that of the south and carries coals; a great 
stratigraphical gap occurs in the system, the Beaufort series being absent so 
that the Stormberg series rests directly on the Ecca beds — but not on the older 
rocks, as stated by du Toit, probably on the strength of the observations by 
Mellor and Trevor, already disproved in the chapter on structure. No angular 
unconformity between the Stormberg and Ecca series can be observed. 
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The succession may be tabulated as follows: 


1 ( Bushveld amygdaloid .. .. .. .. .. 1,000 feet (2) 

Ee d Bushyeldisandsione ED * 
s IE BUsbield mars en ia AT HA 
eva V VG 
Middle Ecca | 

EG | Coal measures et hd OE ME Re er ET SN SOAELGEL 

Dwyka jé de 

Ee | Glacial conglomerate .. .. .. .. .. presence doubtful 


(ii) Thickness 


The thickness of 300 feet for the coal measures is based 01 an estimate 
near Lilliput siding. Further southwards along the Mitamba River the great 
width of sediments, apparently all dipping northwards by about 19”, suggests 
a greater thickness. However, the northerly inclination is accompanied by a 
fall in elevation so that a great width is developed along the dip-slopes. Also, 
duplication of the beds may have been caused by faulting. 

The Bushveld sandstone “series” was estimated by Mellor and Trevor at 
350 feet, which figure agrees well with my own estimate of the thickness. 'These 
rocks are more conspicuously developed further to the north-west along the 
Limpopo River than along the M'tamba River. 

The thickness of the Stormberg lavas cannot be estimated in this area since 
they have a faulted northern contact. However, their apparent width on a flat 
surface, assuming an average dip of 10-12” northwards, implies a thickness 
of not less than 1,000 feet, but this figure is tentative. 


(iii) The Ecca Series 


Du Toit's statement that in the gently undulating country of the north the 
beds have broken down to form a deep sandy or loamy soil, so that the outcrops 
are restricted to those of the harder rocks and evidence respecting the nature 
of the softer strata has largely to be obtained from bore-hole records, is borne 
out only too well by my own experience. Along the M'tamba River, for instance, 
the Karroo beds are so much screened by duartzitic rubble from the Waterberg 
system, by thick crusts of calcrete (as on Kalkbult 1031 and Windhoek 1099), 
and by deep sand and loam that a working out of the complete succession 
from field observations alone is not possible. In the Lilliput area the succession 
could be better seen in the railway cutting, and thence along a dry stream bed 
to the coal mine. 

The Ecca series here rests upon anorthositic rocks. The basal bed is an 
arkosic grit a few feet thick. It consists of small, rounded and sub-angular 
fragments of duartz in a feldspathic matrix. 'The rock has a grey colour but 
is characterised by rusty-brown patches 10 inches to 16 inches in diameter 
which may have formed through the weathering of carbonate or of pyritic 
constituents. 
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The arkosic band is followed by beds of conglomerate varying from 
9 to 10 feet in thickness. 'The matrix of the conglomerate is feldspathic and 
gritty with a few thin intercalations of blue or purplish shale, the latter also 
spotted, probably by the weathering out of carbonate specks. 'The pebbles are 
almost exclusively of guartz and range from buckshot size up to about 6 inches 
across, but are mostly 1 to 2.5 inches in diameter. One pebble of decomposed 
graphic granite was found. 'The duartz is most likely derived from pegmatitic 
veins of “buck reefs” in the granite. However, the recrystallised duartzites of 
the Moodies series are very similar to pure vein duartz, and the flattened 
appearance and occasional greenish colouration of certain pebbles suggest an 
origin from this source. 'The bulk of the pebbles have no trace of the greenish 
colour characteristic of the duartzites. 

The conglomerate bed grades upwards into a coarse, wWhitish-grey sandstone 
in which pebbly washes and gritty bands alternate freguently with finer 
material. Crossed bedding is feeble. 

Further up in the succession the sediments appear to become finer-grained 
in an irregular but distinctly progressive manner. Gritty bands with sub-angular 
duartz fragments persist but become less freguent, whilst light, bluish-grey, sandy 
shales and darker blue mudstones become progressively more common as 
intercalationrs or as distinct beds in the sandstones. 

The northerly dip along the railway is only about 5”, but varies. 

The above conglomerates and sandstones continue for about 75 yards along 
the railway line. 'They are succeeded by sandstones with shaly bands, as 
described, up to about 260 yards from the base, ie. up to the south-eastern 
corner beacon of Voorburg 852. 'This involves a total thickness of about 
90 feet. 

From the beacon in a north-north-westerly direction towards the hill the 
Ooutcrops are not continuous. However, the same type of sandstone is found 
With rather massive blue grits whilst shales and mudstones become 
progressively more abundant towards higher horizons and eventually 
preponderate over all other types. 'The shales are finely laminated, dark 
bluish-grey in colour and often distinctly carbonaceous. 'They weather to a dull 
bluish-white colour. Plant fossils and coal occur in them. In the bend of 
the dry streambed near the McKechnie homestead thin lenses of gypsum are 
present in the shales. 'The shales are finally capped hy a relatively massive 
band of sandstone which forms a distinct ledge about 100 feet high near 
Lilliput siding. 'This sandstone is essentially similar to the sardstone at the 
base, viz. a greyish-white, medium-grained, mainly guartzose material with 
gritty bands and pebbly washes, altogether about 50 feet thick. 'The upper 
sandstone horizon has been separately indicated on the map in the Lilliput 
area. The dipslopes formed by this sandstone trail down towards the Sand 
River, beyond which the series ends abruptly against older rocks through 
faulting. 

The deposit of Karroo rocks on Stayt 1120, south of the road to Chipese, is 
an essentially similar alternation of shales and sandstones capped by a 
conspicuous sandstone band on which a trigonometrical beacon has been 
erected. 'The series here has a prevalent purplish to red-brown colour, usually 
more characteristic of the Waterberg system. Such purplish colouration of the 
Ecca shales may also be seen on Drylands 391 in the Soutpansberg mountains. 
The sediments on Stayt 1120 contain innumerable little agate pebbles, slightly 
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larger than pea-size, presumably derived from the underlying Waterberg 
amygdaloid. These beds are terminated on their northern side by a fault, and. 
as the sandstones along this fault are impregnated with malachite the 
occurrence is of interest in supplying an age factor for the rather widespread 
Copper mineralisation in the northern Transvaal. 

Molyneux (47, p. 288) collected plant fossils from Karroo sediments 
north-west of Messina which were identified by E. A. N. Arber as Glossopteris 
browniana. Glossopteris and Gangamopteris were also found by O. R. van Eeden 
to the north-west of the area under consideration, the latter plant being of 
significance in placing the beds. Near Lilliput siding in the carbonaceous shales 
just described, fragmentary plant remains were found. 'They appear to be 
Schizoneura sp., but their identification is doubtful. 


(iv) The Bushveld Sandstones 


These sandstones constitute the most conspicuous member in the succession 
of Karroo rocks and give rise to the several picturesdue hills already alluded 
to. The sandstones are practically confined to the northern side of the 
M'tamba River and are separately indicated on the map. 

These rocks and their eguivalent in other parts of the Union have been 
adeduately described in numerous publications. North of the Soutpansberg 
the succession consists essentially of a basal group of red or purple sandy 
shales followed by a band of marls in which concretionary masses of lime, usually 
a few jinches in cross-section, are freguently seen. 'This basal succession is 
overlain by the main sandstone characterised by its fantastic weathering forms 
and often precipitous concave surface, fine-grained texture and rather massive 
structure. Commonly the sandstones have particularly large cross-laminated 
beds which make an estimate of the true dip very difficult. 'The rock is white 
to cream coloured with locally a light, greenish tinge. Calcareous concretions 
are also found in it. West of the road on Bekaf 1077 hollows or “pseudo- 
potholes”, as reported in Bushveld sandstones of Komatipoort, are duite 
numerous. 

The Bushveld sandstone “series” and the overlying amygdaloids of the 
Transvaal have been correlated with the Red beds, Cave sandstones and 
Stormberg lavas of the Cape Province, Orange Free State and Natal (36, p. 29), 
and this correlation is now firmly established. 


(v) The Stormberg Lavas 


The Stormberg lavas form very few outcrops in this area. 'The portion 
mapped as lavas on Pienaar 1069, Kleinenberg 1076 and Bekaf 1077 is more or 
less entirely covered by sand and calcrete, and the presence of effusive rock over 
this whole area had to be inferred from a few isolated exposures on Bekaf 1077 
near the national road and from general considerations. 'The lavas are bounded 
to the north by a fault, but the actual effects of this dislocation could only be 
seen east of the road, and its westward extension had to be deduced from the 
roughly linear arrangement of patches of dense vegetation and from outcrops 
of Waterberg sandstones. A. W. Rogers (52, p. 45) gives a detailed description 
of the rocks on Bekaf 1077 which proved to be limburgites. His petrographic 
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descriptions are backed up by chemical analyses. He described a feldspathic 
limburgite with olivine from the boundary between dJaaz 1178 and 
Zwartfontein 1179. 'This rock was taken to be an intrusive sill in the Ecca 
series and was mapped by me as an olivine dolerite. A similar rock occurs 
in the Ecca series o1 Grootgeluk 1175, west of the main road. These rocks 
will be referred to in the description of the dolerite sills and dykes. 


VII. THE WATERBERG SYSTEM 


(i) The Lavas 


The Waterberg system in the Soutpansberg area can be sharply sub-divided 
into two main divisions. 'The lower division consists predominently of basic 
lavas, whilst the upper is an almost exclusively arenaceous group of sediments. 

The basic lavas attain their main development immediately to the north of 
Louis 'Trichardt village where they form the southern slopes of the bold 
escarpment of the Soutpansberg mountains. Northwards the lavas thin out 
very considerably and, as stated in a previous chapter, the upper sedimentary 
rocks locally come to lie directly on granite without any intervening lavas. 

The total thickness of the lavas between Louis 'Trichardt and the 
Mountain Inn at the top of the volcanic succession unfortunately does not fall 
within the boundaries of the map, the village lying about a mile further south. 
However, the lavas are known to continue southwards up to Trichardt village 
where they come to lie on the Old granite. If no duplication by faulting be 
assumed — and no such faults were, in fact, found as far south as the map 
goes in spite of a concerted search — an average dip of 20" northwards would 
imply a total thickness of 6,000 feet for the volcanic group, of which the upper 
3,000 feet falls within the boundaries of the map. 

The volcanic group is not composed entirely of the lavas. 'There are at 
least 5 separate interbedded bands of aguartzitic sandstone in the lavas. 'These 
sandstone beds vary in thickness from 20 feet to about 100 feet. 'They are 
mostly somewhat lenticular and cannot all be traced continuously along the 
strike. North of the main Soutpansberg range there is but little evidence of 
them in the lavas and apparently they die out rapidly towards the north. The 
apparent thickness of the volcanic rocks has been increased by the presence 
of a few diabase sills of which the uppermost one is the most conspicuous and 
the only one mapped. Since the intercalated bands of sandstone in the lavas 
are idenitical lithologically as well as in strike and dip with the main guartzite 
group Ccapbping the lavas, the succession is clearly continuous. 'The sandstone 
bands represent minor periods of sedimentation between the main outflows 
of lava, and as such they must have filled in the hollows, which would account 
for their rather lenticular habit. 

(a) Macroscopic Features. The lavas are partly amygdaloidal, partly non- 
amygdaloidal, the two varieties alternating freduently whilst all intermediate 
gradations are present. 'The greater part of the lavas is distinctly amygdaloidal. 
No tuffs, agglomerates or pillow lavas were found. 

The average lava is a blue or bluish-grey, aphanitie rock with conspicuous 
amygdales of uguartz epidote and chloritic material 'The amygdales are 
normally 0.1 to 0.4 inch in diameter, roughly eircular, occasionally elongated. 
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The great majority of amygdales consist solely of duartz, some appear to be an 
intergrowth of dguartz and epidote whilst others are entirely epidote and 
chloritic material. In hand specimen no minerals can be positively identified, 
but the rock appears to be composed mainiy of amphibole and chlorite 
minerals. A feature of the lavas is the abundance of epidote, and this alone 


(C) Chemical Analyses and Norms of Waterberg Lavas. 


1 2 3. 4 
SiO, | 49-80 49.83 47-05 45-39 
MI.OS 14-41 14-19 15-32 15-58 
Fe; 4-04 9-51 9.64 3-67 
joe) 9-45 10-83 10-97 7-56 
MEO 4-56 5-87 7-09 5-44 
Ca0 8-79 9-19 7-09 16-05 
Na,O 9.77 9-48 3-16 | 0-68 
KO 0-64 0-41 0-85 0-03 
HO — 0-95 0-17 0-20 0-14 
H,O - 3-13 2-63 3-60 3-90 
TIO; 1-98 1-18 1-14 1-09 
P,O; 0-% 0-18 0-18 0-17 
s # Tn EE He 
Cu 0-02 0-09 0-02 0-09 
MnO 0-97 0-29 0-31 0-24 
bi 0-99 0-92 0-M  | 0-87 
99-90 100-00 99-78! 100-21 
| 
Ouartz — 4-44 2-76 sa oa 
Orthoclase — 3-89 292 5-00 — 
Albite — 93-58 20-96 96-72 5-94 
Anorthite — |  D7A 26-40 95-02 39.75 
Diopside — 13-36 14-08 7-83 30-19 
Hypessthene -— | 17-18 23-94 10-18 8:20 
Olivine — — —— 14-97 — 
`Magnetite EG en 8-7 TE 
IImenite — 2-59 9-43 9.97 9.97 
Apatite — 0-34 0-34 0-34 0-34 
Calcite s 0-70 0-50 0-20 0-80 
Salic — 56-65 52.34 56-74 49-13 
Femic — 39.97 44.90 39.93 47-10 
Plagioclase —.| Abag ANs1 Abaa Angs Abss Angg Abis Angg 


1. Basalt taken from the lowest lava band near the road in the south-eastern corner 
of Watelreserve 378, just south of the boundary of the accompanying map. 


9 and 3. Basalts from the south central portion of Hanglip 316, above the first and second 
sandstone bands respectively. 


4. Basalt from the road-cutting on the north-eastern corner of Punch Bowl 388. 
C 
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serves to distinguish them from the Stormberg lavas. In some cases the 
groundmass is entirely pervaded by epidote which imparts to the whole rock 
the characteristic pistacio-green colour of this mineral. 'The epidosites, which 
are well exposed along the national road on Bekaf 1077, Juliana 1084 and 
Coenbritz 1101 inter alia, normally have amygdales of epidote with an outer 
fringe of silica. On the farms mentioned much red jaspery silica was seen in 
the lavas as irregular masses or veins and it normally accompanies much epidote. 


(b) Microscopic Features. A thin section from a typical, blue-grey 
amygdaloidal lava sampled along the road to Witvlag on Minastore 391 shows 
the rock to be a fine-grained mass of altered feldspars, several femic constituents 
and amygdales. Accessory constituents are titaniferous iron ore and pyrite, the 
former being present as rather numerous tiny grains with leucoxenitic 
alteration. 

The dark minerals include much chlorite together with pyroxene and 
amphibole. No duartz was seen in the groundmass. 

The chlorite is present in several large flakes which, under crossed nicols, 
resolve themselves into crystal groups rather than single crystals. 'The same 
type of chlorite is present in the groundmass as in the amygdales. Its 
birefrigence is extremely feeble, locally ultrablue interference colours are seen 
and the elongation is positive, which indicates that the mineral is optically 
negative. 'The pleochroism is y— green, B— green, .— light yellowish-green. 
Absorption y—B—.. Refractive index B—l1.622 (4.005). 'The mineral is 
therefore identified as penninite or a closely allied variety of chlorite. 

The feldspar is present only in numerous small plagioclase laths which are 
too much altered for optical determination. Rogers determined fresh feldspar 
in Waterberg lava from Poshwana (R.1720) as labradorite. . 

The amphibole is entirely an alteration product of pyroxene and most 
of the amphibole still has a Tresidual core of pyroxene. 'The latter 
has 2Vy — 49”, ve — AO. 

The pyroxene is nearly colourless in thin section, has strong birefrigence 
ad is almost invariably altered along the periphery to a secondary amphibole. 

The amygdales are composed of guartz, chlorite, very fine sericitie material, 
epidote and a little carbonate. Chlorite may form the whole amygdale or only 
the peripheral portions. All these constituents may be present in a single 
amygdale. 

No olivine is present and no epidote can be seen in the groundmass of 
the specimen. 

(d) Comments on Chemical Analyses. In the course of geological surveys 
in the Louis Trichardt area and south thereof Mr. L. E. Kent collected 4 samples 
of Waterberg lavas for chemical analysis. 'The analytical work was done by 
C. J. Liebenberg for the Geological Survey. Mr. Kent kindly placed the results 
at my disposal, and as * of the samples were taken inside the area under 
discussion and one just south thereof, these results form a very welcome 
addition to the available information on these rocks. 

The norms show duite considerable mineralogical variations, rather greater 
than would have been expected from a Casual comparison of the analytical 
results. Sample 3 is abnormal in being the only one with free olivine and at 
the same time having the most acid plagioclase. All the others have a little 
free guartz. Sample 4 is remarkable for its highly basic feldspar (An. 88) and 
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low content of potash. 'The high content of lime in (4) may be due to calcite 
in the amygdales. It is not known to me whether the rock, as sampled by 
L. E. Kent, was amygdaloidal or altered. 'The percentages of femics range 
from 39.23 to 47.10. According to the classification of $S. J. Shand the lavas 
are all basalts. Using the composition of the feldspars as a criterion, sample 3 
would be an olivine-andesite whilst the others are basalts. 


(ii) The Sediments 


The outstanding features of the Waterberg sediments are their almost 
exclusively arenaceous character and prevalent purple, red or brownish colour. 
The bulk of the sediments is a guartzitie sandstone which, in parts, is a true 
duartsite. 

No shales were ever observed in situ in the mapped area, but fairly thick 
beds of shaly sandstones and shales are found further eastward en route to 
the M'fundusi Lake. Shaly fragments may be observed occasionally as on 
Highfield 380. 

Definite conglomerate bands are not numerous nor individually persistent. 
The thickest conglomerate was seen on Zwarthoek 328 and is only 3 feet 
thick. However, thin pebbly washes and gritty layers are extremely common 
throughout the succession. 

The sandstone is medium to coarse-grained, locally gritty or conglomeratic. 
The grains are predominantly of dguartz whilst the cementing material has 
appreciable feldspathic and ferruginous constituents. 'The more decidedly purple 
rocks are the most feldspathic and the colouration is apparently due to a large 
amount of weathered material of igneous origin. 

The pebbles in the conglomerates and grits consist predominantly, sometimes 
exclusively, of duartz. in this respect they are reminiscent of the basal 
conglomerates of the Ecca series at Lilliput and it is possible that here, too, 
some of the “auartz” is the completely recrystallised duartzite of the Moodies 
series. In addition to duartz pebbles there are found pebbles of fine-grained, 
white duartzite (Transvaal system?), cherty fragments, pebbles of weathered 
granite and indeterminable greenish fragments. 

The conglomerate pebbles, generally speaking, are well rounded, and so are 
the grains and small pebbles of the gritty bands as well as the larger guartz 
grains in the relatively coarse sandstones. 

The stratigraphical top of the Waterberg system is nowhere found in this 
area. 'The greatest thickness of arenaceous sediments exposed is that of the 
Masedgua's Poort ridge, which is estimated at 1,800 feet. It is remarkable that 
in the main Soutpansberg range, south of the three separate ridges described, 
the sandstones appear to be generally less than 500 feet thick. Du Toits 
estimate (15, p. 157) of “probably .. . . more than 5,000 feet in the Soutpansberg?” 
is certainly excessive. 'The great scenic display of the duartzitic sandstones 
imparts the impression that they form the predominant rock-type, but actually 
the lavas are usually considerably thicker than the arenaceous succession. This 
does not appear to be the case in other parts of the Transvaal. 
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VIII. THE OLD GRANITE 


(i) General 


No large single exposures of granitiec rock are anywhere displayed in this 
area. Forms such as the domes, Whale-back structures or hills of “ball granite”, 
commonly found in Old granite country, are conspicuously lacking. Actual 
outerops of fresh rock occupy a relatively small proportion of the country 
mapped as Old granite, and are confined to the areas between the minor 
irregularities in the landscape formed by rocks of the Primitive systems. 

Especially in the southern and western portions of the area many miles of 
traversing may be undertaken without finding a single exposure disclosing the 
nature of the underlying rock. However, the granitic composition of the floor 
may be readily deduced from the nature of the soil, notably from the numerous 
small duartz-feldspar grains and fragments. 

On Vrienden 1066 near Huntleigh siding a diorite was formed through the 
assimilation of dolomite by the granitic magma. 'This very handsome, massive 
rock is being used in the construction of the Voortrekker Monument and will 
be described later. 

Such dioritic rocks were seen at several localities, but in all cases they form 
mere isolated remnants in very deeply weathered rocks. It is surmised that 
the deep “granitic” soil and the general lack of outcrops coupled with abundant 
exposures of carbonate rock in the west are indicative of a fairly wide distribution 
of this readily decomposed dioritic rock, notably on Lekkerlag 1082, Somme 1081, 
Battle 1074, Grootpraat 1073 and Steenbok 1080. 

In the eastern part of the granitic area grey, gneissose rocks with biotite 
as the characteristic dark mineral, but sometimes with hornblende instead, are 
abundantly found, as on Japie 1105 and Bennie 1119. In the extreme east 
along the Mopani—Chipese road and along the road to Alicedale estates 
(Graaf 1125) a fine-grained, almost brick-red granitic gneiss occurs, also with 
biotite but locally with hornblende as the characteristic femic constituent. 'This 
is not a separate intrusion but rather a phase of the grey variety, flow structures 
in the two types being of the same disposition. 

It must be emphasised that in the whole area not a single sample of 
normal, massive granite was found. 'The rock invariably displays platy flow 
structures and has been contaminated in greater or lesser degree by the 
assimilation of older rock. Further north, near the Limpopo River, more nearly 
massive varieties forming some typical granite domes were observed in travelling 
through that country. 


(ii) The Pegmatites 


Pegmatites are numerous in the extreme north of the area where the main 
xenoliths of the Primitive systems lie, especially in the anorthosites. On the 
whole they are barren and uninteresting bodies composed essentially or 
exclusively of white duartz and salmon pink feldspar. 

A perfect graphic intergrowth of these two minerals is usual but not 
universal. Locally the pegmatites form aguite conspicuous little ridges, whilst 
others are mere veinlets a few inches or a foot in width. 'The latter may have 
crystals of feldspar and auartz comparable in size with the total thickness 
of the vein. 
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PLATE TT 


(7) Pegmatites in hornblende perknite showing rotation of perknite blocks through 

forceful injection. (8 & 9) Orientated gneissose structures in pegmatite indicative of 

replacement. (10, 11, 12) Transgressive serpentinous veins in dolomite illustrating 

hydrothermal alteration. (18) @uartzite studded with garnet, Blaauwkop. (14) @uartz- 

ites injected by hornblende perknite bands parallel to the becding planes. National 
road, Elgin 845. 
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Irregular pegmatites from 2 to 10 feet thick are well exposed in a railway 
Cutting on Cavan 850. 'They are thickly spotted with brown vermiculite 
“pooklets” of all orientations, varying in size from a fraction of an inch up 
to about 3 inches, measured across the cleavage face. 'These tend to occur. 
more particularly in clusters within the body of the pegmatite and along the 
contacts of the pegmatite with the anorthositic wall rock, and there appears to 
be little doubt that they were formed by replacement of earlier minerals. In 
this connection their lateral concentration and almost perfectly hexagonal 
forms are significant. In another railway cutting on Botterdam 849 a similar 
pegmatite has numerous euhedral erystals of magnetite, from a fraction of an 
inch up to 2 inches across, confined entirely to the contact of the pegmatite 
with the wall rock. 

A mineral of interest in the pesmatites is andalusite. On Barend 1089 a 
relatively small pegmatite has large, tapering andalusite crystals of a reddish- 
brown colour. 'Thin flakes of the mineral are rose-coloured. Pleochroism in 
small grains is distinct and varies from a— Teddish-brown to #—Tfaint 
reddish-brown and — pale yellowish-green; absorption a—-B—,. The mean 
refractive index #B— 1.640 (4.004). Prof. Scholtz found minute sapphires in 
andalusite from this locality, but these were not observed in the sample 
examined. Aluminous contamination of the pegmatite may be inferred, but 
no aluminous sediment was seen in its vicinity. Associated with the andalusite 
are various micaceous minerals such as muscovite margarite, biotite and 
vermiculite together with garnets. At another locality on Barend a light grey 
pegmatite with a little vermiculite and occasional andalusite crystals is being 
mined as an ore for the manufacture of glass. 

As regards the mode of emplacement of pegmatites it was observed in the 
railway cutting on Caven 850 and on southern Lilliput 842 that the gneiss 
structure in the anorthositie wall rock is still discernible in a pegmatite near its 
point of termination, whilst inclusions in the pegmatite have the same 
Orientation as in the wall rocks (Plate IT, Figs. 8 and 9. 'This tends to show 
that the pegmatitic material was emplaced by a process of replacement in the 
gneissose rock, at least in part. 

At another locality on Rotterdam 849 where hornblende gneisses were 
heavily injected by pegmatite, the various hornblendic blocks have clearly 
rotated as shown on Plate IT, Fig. 7. 'This is more indicative of forceful 
intrusion than of replacement, unless the blocks had been previously so rotated 
by a fracture system now occupied by the pegmatite. It seems likely that the 
pegmatites were emplaced mainly by 'injection and that metasomatic 
replacement of the containing rock is subsidiary to this process and operative 
mainly near the termination of the pegmatite and along the sides. 


(iii) Lithology of the Granite 


The rock on Graaf 1125 is reddish-brown in colour, non-porphyritic and 
fine-grained with a faint gneissic structure. JTt consists predominantly of 
brick-coloured feldspar and duartz. 'The dark mineral is usually biotite, but 
locally hornblende may also appear. 

A thin section reveals an evenly fiie to medium-grained rock with normal 
granitic texture and a gneissic structure not readily perceptible. It is composed 
essentially of feldspar and duartz with the percentage of guartz high and 
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nearly egual to that of the feldspar. 'The dark mineral is biotite and is rather 
scanty, whilst sphene and a little ore are accessory constituents. 'The ore is 
titaniferous showing partial alteration to leucoxene. No apatite was observed. 
The feldspar is almost exclusively a microcline perthite with very fine exsolution 
lamellae. Inclusions of guartz inside the microperthite are common and have 
a tendency to rounded, corroded outlines. 

The microcline has no cross-hatched twinning structures and can be 
distinguished from orthoclase only on the universal stage. A. N. Winchell (67) 
states that microcline which does not reveal the typical gridiron structure 
under crossed nicols is extremely rare. Yet I have repeatedly found this to be 
the case, a notable example being the hornblende granite of the Kaap valley. 
According to A. L. Hall the absence of microcline is one of the distinguishing 
features of this rock. Yet several of the untwinned potash feldspars, even in 
Dr. Halls own thin sections, proved to be mierocline. 'The same is true of 
potash Tfeldspars in other eastern Transvaal granites and in certain basic 
dykes. It seems safe to say that much of what has in the past been called 
orthoclase is actually microcline-microperthite or microcline and (that the 
absence of ecross-hatched structure is not by itself an adeguate diagnostic 
criterion for distinguishing orthoclase from microcline. 

Plagioclase feldspar is scarce and occurs, for a large part, as small laths 
in the microperthite. It was found to be an albite-oligoclase with An. 9-14 and 
twinning according to the albite-law and on the rhombic section. 

A sample of the most typical granite that could be found in the western 
part of the area was taken on eastern Grootpraat 1073. As seen macroscopically 
it is a medium to coarse-grained, non-porphyritic, grey rock with a slightly 
gneissic structure. (G@uartz and feldspar are readily identified with the naked 
eye. 'The feldspar appears to be of two kinds: the one kind is clear white, 
locally' somewhat fiesh-coloured, whilst the other is dull with a slight greenish 
tinge, suggestive of secondary alteration. 

The dark minerals are fine-grained, rather more abundant than in the 
rock from Graaf 1125, and mainly micaceous. 

Under the microscope the rock is seen to have typical granitic texsture with 
feldspar and duartz as the predominant mineral constituents. 'The dark minerals 
include biotite amphibole and some chloritic material whilst apatite and 
titaniferous ore are accessory constituents. 

The feldspar is both microcline and plasioclase. 'The microcline has no 
characteristic eross-hatched twinning structure, although a somewhat undulose 
extinction is discernable, but it can be distinguished from orthoclase by its 
higher optic axial angle. 'This mineral is duite fresh and unaltered to 
secondary minerals, except for the presence of occasional flakes of sericite. 

Tne plagioclase, in contradistinction to the potash feldspar, is much 
altered, the alteration being mainly to sericite, and in a few instances a 
secondary feldspar was identified in the alteration product. 'This secondary 
feldspar is untwinned and under the highest magnification (oil immersion) was 
found to be optically positive and is presumably an albite. Most of the feldspar 
is too much altered for optical determination, but two crystals could be measured 
on the Fedorof stage and were found to be andesine, both An. 37. 

The chlorite is in all cases an alteration product of biotite. 'Together with 
the chlorite are dense brown aggregates with some strongly birefrigent 
granules. 'They were found under the highest magnification to be epidote, 
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calcite, dguartz and rutile and presumably accompany the alteration of 
biotite. Spherulitic structures of what appears to be amphibole are also present 
in the alteration products. 

Apatite is dispersed through all the other minerals as numerous, minute 
little rods. 

The relatively high content of the anorthite molecule in the plagioclase, 
and its advanced alteration to secondary products, simulating the diorites, 
support the contention made in an earlier section that the deeply weathered 
rocks in the western part of the area are dioritic through the assimilation 
of dolomite. 


IX. THE PRIMITIVE SYSTEMS 


(i) General 


The name “Primitive systems” has been suggested by du Toit (15, p. 23) as 
a wide, non-committal term to include all formations older than the Old 
granite. 'These formations “belonging to the dawn of geological history” have 
similarly been referred to as “Basement series”. 'The former name is employed 
in this work. 

These formations, as elsewhere, are of fragmentary distribution, their 
relations are complex and their origin is so doubtful that unanimity on these 
and related duestions is rare. 

Since these rocks are confined mainly to the northern part of the area, the 
relative part of the map has been enlarged in order to present the details 
more satisfactorily. 'The former wide distribution, probably over the whole of 
the area under consideration, is proven by the numerous small remnants of 
these rocks in the granite, notably by the abundant exposures of dolomite. 

Much of the gneiss included with the granitic rocks could with egual 
justification have been classed with the Primitive systems, a fact already alluded 
to in a previous chapter. 'This is because many of these rocks represent merely 
the granitised edguivalents of pre-granitic rocks, as fully described below. Since, 
furthermore, the degree of granitisation of the older rocks or the state of 
contamination of the granitic rocks varies through all possible gradations, it 
is evident that the geological boundaries drawn in the process of mapping 
become somewhat arbitrary and depend to some extent on the interpretation 
of the geologist. 

As a general rule many granitised rocks were included with the Old 
granites except where they occur in areas predominantly composed of 
pre-granitic rock, when they were grouped with the latter. 'This means that 
in an area mapped as dguartzite a fair proportion of distinctly granitic material 
may be present. Conversely in an area mapped as granite a considerable 
proportion of pre-granitic 10ock may be included. 

This is an unsatisfactory state of affairs and results from the practical 
difficulty of representing transitions in static form.”) The difficulty was partly 


*) This genetic connection is indicated by the employment of coloured signs on the 
writer's original map. If a yellow gneiss sign for example is employed it suggests that 
the gneiss was formed by the granitisation of the formation coloured in yellow, or that 
it is in some way genetically connected with that formation. Furthermore the 
mineralogical composition of the respective gneisses is indicated in abbreviated form, such 
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overcome by sub-dividing gneissose rocks on a genetic rather than on a purely 
lithological basis. Thus, as will be shown later, most of the duartzose, 
garnetiferous leuco-gneisses are granitised guartzites. 

As shown in the legend, the Primitive systems are divided into 5 main 
groups. 'The iirst four, which may, for the present, be referred to as duartzites, 
duartz-magnetite rocks, supposedly altered shales, and dolomite are regarded 
as a sedimentary succession intruded by the fifth group composed essentially 
of anorthosite, hornblendite and serpentine. 

The several members of the sedimentary group show rapid alternaftions, but 
they can be divided into an essentially arenaceous group, a ferruginous group 
and a carbonate group. 'The exact order of the succession is uncertain. At 
Blaauwkop the main mass of ironstones is seen to overlie the duartzites in a 
well defined synclinai structure. Further north, on Elgin 845, however, the 
main duartzite group is underlain by ironstone. In addition, the duartzite and 
ironstone locally show rapid alternations, 5 or 6 bands of ironstone alternating 
with a similar number of duartzite layers. 'The scale of the map necessitates 
some generalisation so ihat such minor alternations cannot be separately 
indicated. Summarily, the ironstones may best be regarded as bands in the 
arenaceous succession, but they are not coniined to any constant horizon nor 
are they individually persistent. 

The relation of the duartzite-ironstone group to the dolomite is less clear. 
Thin bands of duartzite have been found in the dolomite, as on Maseri Pan 1092, 
whilst on Graaf 1125 and south-western Oom Jan 1092 a duartzite band runs 
alongside a dolomite band. From Barend 1089 to Albasini 1085 a thin band of 
dolomite only a few inches thick lies in the dguartzite-ironstone succession and 
could be traced for about half a mile. 'The dolomite, therefore, is part of the 
same succession of sediments as the duartzites and ironstones, but whether it 
lies above or below the main duartzite-ironstone group is not so well 
established. 

The dolomites have been stated to be mainly infolds into the granite, and 
if the arenaceous sediments had originally underlain the dolomite, the granite 
in the vicinity should have betrayed it by the presence of dguartzitie xenoliths 
and partly or wholly granitised duartzites. Nothing of this nature was seen 
and it seems probable that the dolomite is the basal member. Assimilative 
phenomena along the dolomite-granite contacts are widespread. 

The anorthosites in the extreme northera half of the area may With some 


as @,A or G, where @ stands for dguartz, A for amphibole and G for garnet, ete, as fully 
tabulated in the legend. Thus, a blue gneiss sign marked A indicates an amphibole gneiss 
genetically connected with the basic intrusive (Jamestown) group, whilst the same sign 
in purple indicates an amphibole gneiss formed through the assimilation of dolomite 
by the granitic magma, or by some similar means. Gneissic granite and gneisses of 
uncertain origin are indicated by black signs. The system applies only to the original 
of the large scale map (Plate B). 

This scheme has the advantage of partly overcoming the difficulties imposed by 
rock transitions, since it differentiates the intermediate rocktype from similar-looking 
adjacent types and is at the same time adeguately non-committal in that it avoids the 
necessity of drawing definite lines where no sharp divisions exist. It provides a leading 
principle in the sub-division of a variety of so-called “gneisses”, and this Sub-division is 
of a more fundamental nature than one based on purely lithological grounds. Finally, 
the widespread former distribution of the Primitive systems and their profound 
endomorphic effects on the intrusive rock are hereby rendered more apparent. 
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justification be regarded as a product of the interaction between dolomite and 
granitic magma. 'Their position at the base of the succession of arenaceous 
sediments is in accordance with such a view. 

If, on the other hand, the anorthosites and associated rocks be regarded 
as pre-granitic intrusives they must have been emplaced as a large sill between 
the areiaceous sediments as roof and the dolomites as floor. In this event all 
the dolomite underlying the anorthosite must somehow have been removed so 
that the anorthosites came to lie in direct contact with the granitiec rock. BY 
similar means the uppermost arenaceous and ferruginous components came to 
lie in the granite, sometimes as a single block, at other times as mere detached 
remnants. 

How all this could have come about is difficult to visualise, but the process 
must have enitailed the detachment of the several members of the original 
succession from each other, probably by great granitic offshoots along the main 
geological contacts with the subseduent incorporation, sub-division into smaller 
parts and fioating of of the several remnants by the magma. Whatever the 
exact mechanism of the process may have been, it certainly implies extreme 
mobility of the granitic magma and probably great powers of assimilation. 

The presence of an originally argillaceous member in the succession is 
postulated on the strength of rather widespread but fragmentary exposures 
of melanocratic, highly aluminous gneisses composed of cordierite, almandine, 
sillimanite, biotite and occasionally small corundums. Shaly rocks are amongst 
the most susceptible to alteration by an intrusive granite, so that today least 
of all can be said of this criginal member of the succession which is represented 
only by the products of sdvanced metamorphism. However, if the deduction 
is justified these shales must have been present as bands in the upper 
area1aceous succession. 

Provisionally, then, the succession consists of a basal dolomite member 
overlain by duartzites and ironstones with evidence suggesting shaly beds in 
the arenaceous sediments. 'The anorthosites, if not altered dolomites, must 
have been intruded between the carbonate rocks as floor and the other 
sedimentary members as roof. 


(ii) The Dolomites 


(a) General. Macroscopically the typical dolomite, as duarried near 
Mopani, is an almost dead white, coarsely crystalline carbonate rock. Individual 
crystals range generally from 0.25 to 1.0 inch across. 'The white guarry walls 
have innumerable glistening surfaces in the bright sunlight through reflection 
from properly orientated rhombohedral cleavage faces. 

The normal dolomite is spotted with small, dark crystals of contact 
minerals. These vary greatly in amount. 'The white rock mined near Mopani 
as a flux for the Messina copper mine must fulfil a specification of less than 
1% dark minerals. Often, however, this limit is exceeded, and locally the 
dolomite may have 10% or more of contact minerals With 5% silicate minerals 
as the probable average for the district. 

By far the most common contact mineral is serpentine, often pseudomorphous 
after olivine, and in most dolomites the small serpentinous specks are virtually 
the only contact mineral seen in hand specimen. Other minerals found are 


garnet, olivine, vermiculits, green hornblende, tremolite, diopside; scapolite 
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graphite, apatite, spinel, clinozoisite, epidote, sphene, pyrite and ore minerals. 
Of these garnet phlogophite, scapolite and amphibole may locally be the 
predominant mineral constituent of the rock. 

The weathered surface of the dolomite is dark, dirty grey, often nearly 
black in colour with a tendency to form a rough surface through relatively 
rapid weathering along crystal contacts. 'The surface is not normally grooved 
and furrowed as limestones typically are. 

In a small hand specimen the contact minerals appear to be e2venly 
spaced, but on large exposures they are seen to occur more abundantly along 
parallel but rather ill-defined planes. In section, well seen on exposed surfaces 
and in certain duarries, this results in an apparently linear arrangement of 
the contact minerals. 'These lines vary in width from a #fraction of an inch 
Jdp to about 4 inch bands. A wide band is generally accompanied by more 
densely spaced narrow lines in which the contact minerals become sparser as 
the distance irom the wide band increases and again progressively more 
concentrated as the next wide band is approached. 'These planes are probably 
predetermined by the original bedding planes of the carbonate rock. 

In addition to the banding believed to represent original bedded structures, 
relatively wide bands of dark minerals from an inch up to a foot in thickness 
cut across the rock in any direction, separate bands sometimes coalescing or 
intersecting. 

The serpentine in the dolomite may be apple-green, dark green, brown or 
nearly black. lIncipient alteration on the surface to magnesite is locally seen. 

Calcrete is common on and in the vicinity of the dolomite strips. 'The 
presence of dolomite in the vicinity may often be inferred when calerete is 
encountered. 

(b) Microscopic Description. A thin section of dolomite with about "1% 
contact minerals showed it to consist, besides dolomite, of olivine, phlogopite, 
spinel and accessory pyrite. ' 

The olivine is present as several medium-sized grains partly altered to 
serpentine and a little secondary magnetite. From the interference figure the 
olivine was determined as probably optically positive with an optic axial angle 
near 90”, which is indicative of about 10% of the fayalite molecule. Subseduent 
universal stage determinations verified this, the readings ranging from 
Vi. —88 to VV —88 which implies 10-14% Fe,SiO, in solid soiution with 
ME,SiO,. 

The olivines (forsterite) may hold some partly resorbed residual cores of 
carbonate, whilst they are themselves freguently enclosed in phlogopite without 
any sign of corrosion. One olivine crystal had a central core of phlogopite 
and was itself enclosed in a larger crystal of phlogopite. The olivine appears 
to be crystalloblastic in its relation to phlogopite. 

Several large phlogopite crystals are present. 'They have a weaker force 
of crystallisation than the forsterite, as stated, which grows with idioblastic 
habit across them. 'The mineral is distinctly pleochroic with y— light yellow- 
brown, $ — light yellow-brown, .— colourless to light yellowish. (Absorption 
—Ê—a) The mineral has straight extinction, positive elongation, but an 
apparently negative uniasial interference figure. This obviously implies a basal 
cleavage and a small optic axial angle. j 

Several medium-sized, dark green spinels are present, often with corroded 
rores of carbonate. 'The spinel crystals are found inside larger olivines in a 
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few cases and less freguently inside phlogopite. 'The crystalloblastic tendency 
of spinel is apparent from its relation to all the other minerals in the section. 


(6) The Metamorphism of the Dolomites. The term “metamorphism” refers 
to those changes which are brought about in the structure and mineralogical 
composition of a rock in response to a change in environmental conditions, and 
it may be represented as an “attempt” on the part of the rock to re-establish 
e@duilibrium under changed conditions. 


As here used it does not include the alterations effected by weathering 
Agencies such as surface oxidation, hydration and carbonation, for this would 
incur an overburdening of an otherwise useful term. Conseguently the word 
will be restricted to the changes in rocks induced by increasing temperatures, 
high pressures and differential stresses. Since, however, increased temperatures 
are usually accomplished by intrusive isneous magmas which often imply 
profound metasomatic and pneumatolytic alterations of the metamorphosed 
rock, the effects of high temperature on the one hand and those produced by 
volatile emanations from a magma on the other hand cannot be strictly 
separated. 'The metamorphosis is accomplished by an integration of all these 
factors simultaneously. Metasomatism and pneumatolysis are accordingly. 
regarded as factors in the more general process of metamorphism, and locally 
they may be the most important factors. 


Carbonate rocks, generally speaking, are readily altered by an intrusive 
igneous rock of acid composition such as granite. But as seen in the northern 
Transvaal the alterations induced are of an essentially peripheral type. Most 
effects do not seem to penetrate to great depths as they would in a succession 
of shaly rocks. Wide metamorphic aureoles round an igneous contact are less 
marked, often absent. Consedguently numerous persistent strips of carbonate 
xenoliths may lie in a veritable sea of granite almost entirely unaffected except 
on the border, when other rocktypes have been changed beyond recognition. 


A very noticeable factor is the absence of any general progressiveness in 
the mineralogical changes brought about in the dolomite. 'There is normally 
no such thing as a certain group of minerals produced at the contact, 
representing the highest grade of metamorphism, which become progressively 
scarcer as the distance from the contact is increased whilst minerals representing 
a lower grade of metamorphism make their appearance. 'The minerals formed 
are strictly contact minerals in the sense that they are found essentially along 
the contact of the granite and the dolomite. But they are here most sporadically 
distributed, both as regards type and duantity. Marginal minerals are also 
encountered well away from the contact within the body of the dolomite, where 
their formation appears to be more related to incidental variations in the 
original composition of the sediment, however small, than to the prozimity of 
the intrusive rock. Conversely, dolomite may lie up to the very contact of the 
granite without the development in it of new minerals. 

The banded or lineated structure of the dolomites as described above is of 
significance in serving to accentuate the original bedding planes of the carbonate 
rock. FBither these bedding planes lent easiest access to solutions from the 
magma which wrought the most noticeable mineralogical changes along them 
or otherwise a slight periodicity in the composition of the original sediment 
must be inferred. By this is meant that at regular intervals the layers between 
beds were slightly more siliceous or more argillaceous in composition than the 
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Surrounding rock and that these differences had become accentuated through 
the chemical interaction of the components. 'The latter alternative would serve 
to emphasise the limited amplitude of diffusion of rock substances in a solid 
medium. The minerals produced are not determined by the composition of the 
rock as a whole but by the chemical composition of very limited portions 
of the rock. 

The metamorphic rocks in the northern Transvaal dolomitic areas may be 
grouped into 3 main classes: 


(i) Rocks formed through the infiuence of high temperature on the 
originally calcareous sediment; 


(ij) rocks formed by the interaction between volatile emanations from the 
granitic magma and the carbonate rocks; and 


(iii) rocks formed through the complete assimilation of dolomite material 
by the magma. 


These factors are not entirely unrelated, so that the sub-division on these 
lines cannot be strictly enforced. 


(c,i) The most universal change in the dolomites is their transformation 
to a coarsely crystalline marble, and this complete recrystallisation of the 
original sediment must be ascribed primarily to a thermal infiuence. lIncreasing 
coarseness of grain commonly goes with advancing metamorphism and in this 
case the metamorphosed rock is distinctly coarser than the average piutonic 
rock. Furthermore, the giains are all of the same order of magnitude in any 
particular locality. As the rock is of uniformly mono-mineralic composition, 
excluding the small duantities of silicate minerals, the force of crystallisation 
of the. component crystals is the same throughout. Crystals thus mutually 
interfere with each other in the development of crystal faces which results in 
a mosaic of interlocking, polygonal crystals, as seen in section. 'The tendency 
to uniformity of grain size in a rock of uniform composition has been ascribed 
to surface tension (26, p. 20): since the pressure due to surface tension is 
proportional to the curvature of the surface, the smaller grain is under greater 
stress than the larger one, therefore has increased solubility, so that the larger 
grains grow at the expense of the smaller. The maximum grain size, in turn, is 
limited by the small amplitude of diffusion referred to. Since advancing thermal 
metamorphism is accompanied by an increase in grain size of recrystallised 
rocks, the amplitude of difusion may be assumed to increase with rising 
temperature. 

The banded structure of the metamorphosed dolomites may be due to an 
essentially thermal infiuence, slight differences in chemical composition between 
bedding planes having been accentuated by the formation of dark-coloured 
minerals in a white base. 'The bulk of these contact minerals in the parallel 
planes is serpentine or olivine, the latter containing 10 to 14% of the fayalite 
molecule. It will be shown that in the case of the transverse veins the magnesia 
reguired for the formation of serpentinous minerals was derived from the 
dolomite, and it may well be true here, too. Locally enough silica may have 
been present to form a magnesium orthosilicate. 'The source of the iron is 
more doubtful. Chemical analysis of a dolomite sampled by J. W. Brandt 
indicates 0.19% ferrous iron, which would be sufficient, but since the dolomites 
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are all somewhat serpentinised it is not known how much of the FeO is an 


original constituent. 

The accessory pyrite, too, indicates introduction of material from extraneous 
sources, but the apatite, abundantly present in the transverse veins, was not 
seen. Olivine is the most likely mineral to have formed under purely thermal 
infiuences and its subseguent complete change to serpentine is suggestive of 
hydrothermal action. Summarily, then, it seems probable that volatile 
emanations from the magma had traversed the dolomites along the bedding 
planes and effected some changes there, but at the same time it is not unlikely 
that purely thermal metamorphism may have been instrumental as well, 
although it cannot be said to what degree. 

In several parts of the area, notably on the northern side of the dolomite 
on Joffre 1075 and to a lesser extent on Grootpraat 1073, scapolite is the most 
conspicuous contact mineral. At the former locality a ridge on the northern 
side of the dolomite, about 50 feet high and of similar width, consists 
predominantly of interlocking scapolite erystals and subsidiary amphibole. Some 
large, tapering crystals over 2 feet in length are locally developed, and since 
they lie in all azimuths the rock has a remarkably tough fabric and samples 
are difficult to detach. The mineral has H— 5.5, is uniaxsial negative with 
Jo —15is and — 1549 oo — 024 || The optical Vconstanis mar IE 
mizzonite, Ma,,Me... The mineral associates of the. scapolite are dark green 
hornblende and pale green, fibrous tremolite. 

This mass of mizzonite, although forming a very conspicuous little ridge, is 
not persistent along the strike of the formation, and only a short distance east 
or west of here the dolomite again lies immediately adjacent to the granitic 
rock with only the usual minor development of serpentine and of garnets. (The 
garnets, incidentally, are rose-pink to red-pink, locally dark red, with n — 1.775. 
which was the highest reiractive index available in the set of liduids. Garnets 
found in the duartzites or in the cordierite gneisses are of similar colour with 
refractive indices either edgual to or slightly greater than 1.75. Since the 
garnets are full of inclusions specific gravity determinations are not likely to 
be of much value, and from refractive indices alone the several types of garnet 
cannot be identified.) 

A light, greenish-grey rock sampled at the very contact of dolomite and 
granite, only a few feet from where scapolite was seen, had a striking abundance 
of sphenes in thin section. Approximately 430 sphenes were counted in a 
section of barely 4 sduare centimeters. 'The small titanite crystals were 
0.1 Xx .06 mm., the average size about 0.3 x .15 mm. and the largest one 0.7 x 0.8 mm. 

The rock is mainly a mass of secondary alteration products which form a 
fine-grained matrix in which lie several metamorphic minerals such as 
amphibole, clinozoisite, diopside and sphene. 

The matrix is a very fine aggregate of minerals consisting predominantly of 
sericite with occasional relatively large flakes of muscovite. In addition there 
is some untwinned secondary feldspar, a few patches of carbonate and aggregates 
with high relief — probably zoisite minerals. In brief, these mineral aggregates 
may be included jn the general sackname of saussurite. 'The matrix 
extinguishes unevenly in patches under crossed nicols, which may be 
representative of original feldspar or of original scapolite now completely 
altered to secondary products. 
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 Among the larger mireral grains is clinozoisite, readily identified by its 
high relief, uitra-blue interference colours and Ooptically positive character. 'The 
birefringence appears to be variable so that the interference colours are patchy, 
being ultra-blue in parts, yellow in other parts. Some of the crystais have 
numerous inclusions of carbonate at the expense of which they no doubt 
grew. 'The largest clinozoisite crystal measures 99 x 0.9 MmMM., another 
1.3 Xx 0.65 mm. and the majority about 0.2 x 0.15 mm. 

The pyroxene has a.—l1693, ve —41%-44* and 9Vy—68”. 'These data 
place the mineral nearest diopside in the acmite-diopside-jadeite-hedenbergite 
system. Several large crystals of the diopsidic pyroxene are present and these 
have been “invaded” by the sericitic matrix as may be seen from the frayed 
edges along the contact, embayments of the matrix into the pyroxene and 
occasionally the complete isolation of small pieces of pyroxene from the 
“parent” cerystal. : 

Amphibole occurs as irregular patches and as “offshoots” in the pyroxene, of 
which it is clearly an alteration product. 'lTts pleochroism is distinct, 
a— yellow, #— green, vy—dark green to bluish-green and V,.— TT8“-89”, 
ve — 14-18”. 'These optical properties correspond closely to those of 'a 
hornblende from Cerebriansky (67, p. 250). 

Rocks of the type just described cannot be regarded as due to a purely 
thermal influence. Minerals such as diopside, scapolite, plagioclase (?), amphibole 
and clinozoisite can be formed by this means if certain impurities are present 
in the original sediment. On the other hand the development of much sphene 
and the alteration to secondary products, notably sericite, can be more properly 
ascribed to hydrothermal infiuences involving the introduction into the 
metamorphosed sediments of radicles foreign to it. 

These rocks, accordingly, are regarded as transitional between the products 
formed ,essentially by increased temperature and those formed mainly by 
hydrothermal agencies. 

(c, ii) Rocks formed essentially or wholly by hydrothermal alteration of 
the original dolomite are exemplified by the transgressive serpentinous veins 
in the Mopani dolomite duarries, briefiy referred to above. As stated, these 
veins are from an inch up to a foot in thickness, they cut across the rock in 
any direction, separate bands sometimes coalescing or intersecting. They have 
a tendency to form irregular bulges and impart the impression as though a 
coloured fiuid had entered a porous white body, was absorbed by the latter 
and spread out locally from the plane of flow to form an undulating 
contact line. 

The dark minera] in the veins is mainly serpentine in grains 0.1 to 0.25 inches 
in diameter which lie evenly dispersed in a white carbonate matrix more iinely 
crystalline than the surrounding dolomite. 'The matrix is estimated to make 
up 40 to 60% of the mineral content of the vein. Within the body of the vein 
patches of vermiculite often occur. Where the vein as a whole bulges out, these 
patches are irregular within the serpentine, but where the vein is more or 
less parallel walled the micaceous portion is mainly confined to the middle of 
the vein. Clusters of apatite crystals, sphene, pyrite and occasional tiny spinels 
can be macroscopically identified in the veins. (See Plate IT, Figs. 10, 11, 12 
and Fig. 3.) 
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The carbonate within the body of the vein reacts readily with cold 
6N — HC1, whilst the dolomite immediately adjacent to the vein does not 
react. 'The carbonate within the vein is therefore calcitic. From this it may 
be deduced that the magnesia reduired for the formation of the magnesium 
silicate minerals was derived, at least in large measure, from the dolomite and 
was not introduced from extraneous sources. ln other words, the solutions 
that effected the mineralogical changes were poor in magnesia and they 
accomplished a dedolomitisation rather than a magnesitisation of the dolomites. 
However, on Grasplaats 1306, G. V. White has shown that the finer-grained 
portions of a small carbonate xenolith have been magnesitised to varying degree, 
whilst the coarser parts are dolomitic (60, p. 60). 'The more magnesian parts 
of carbonate rocks are, as a rule, more fine-grained than the calcic parts. With 
this exception the rocks were never found to be magnesitised, which bears out 
the above conclusion regarding the content of magnesia in solutions emanating 
from the magma. This conclusion is of economic importance and is further 
discussed in the chemical section. 

A thin section of a rock sample from one of these veins reveals a 
groundmass consisting of carbonate, which makes up about 50% of the section. 
Herein lie embedded numerous serpentine and mica grains with some apatite. 

The serpentine is probably an alteration product of original olivine and 
lies as more or less rounded, eduidimensional grains in the carbonate together 
with a good deal of secondary magnetite. 

Only a few grains of apatite are present and these are peculiar in having 
cracks filled with a mineral resembling olivine, altering to serpentine. 'The 
mineral is definitely uniaxial and cannot be one of the lime-olivines with low 
bpirefringence. 
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The mica is present as several fairly large grains with high birefringence, 
manifested by the “twinkling” similar to calcite. It is pleochroic with 
a— eolourless, B— just perceptible yellow-brown, ,— very light vyellow-brown 
(Absorption Y—- Bo, vy— 1588 (4.004). 


(c, iii) Rocks formed through the assimilation of dolomite by the granitic 
magma are exemplified by the amphibole gneisses commonly found in the 
vicinity of the dolomites and the dioritic rocks already referred to. Obviously 
high temperature and hydrothermal solutions were operative here as well, but 
the dominant factor must be ascribed to assimilation or complete mixing of the 
constituents, so that the rocks here described are crystallised from melts whereas 
those referred to in the foregoing sections were never fluid and were formed 
through recrystallisation and metasomatic replacement. The amphibole 
gneisses are regarded as rocks in which the dolomitic component is 
predominant, whilst the diorites are those in which the granitic component 
preponderates. 

A sample of such amphibolite from Grootpraat 1073 is a fine-grained, 
gneissose melanocratic rock in which duartz epidote and probable amphibole 
can be identified. 

Thin section reveals a fine mineral aggregate forming a matrix in which 
lie insets of duartz and several idiomorphic sphenes. Epidote pervades the 
whole section and is present as tiny grains and as relatively large crystals. The 
matrix consists of amphibole, chlorite, epidote, carbonate and sericite. 

The duartz has been partly sericitised. No fresh feldspar is present. The 
chlorite is the variety penninite and appears to have grown mainly at the 
expense of the amphibole. 

Normally these rocks contain less epidote and more amphibole than the 
one examined. 

'Thé diorite as duarried on Vrienden 1066 is a particularly handsome, evenly 
medium to coarse-grained, massive building stone consisting of about 10% of 
biotite in a white base formed by feldspar and duartz. 'The appearance of the 
rock as a whole is therefore grey. 'The feldspathic portion of the rock has a 
greenish tinge which is probably indicative of secondary alteration. 'The rock 
as found in other parts of the area is never very handsome. Its distribution 
of dark and light constituents is irregular or patchy, it is not evenly granular 
in texture and varies from fine-grained in part to coarsely porphyritic in other 
parts, is occasionally somewhat gneissose and on the whole unattractive 
looking. 

A thin section from the Vrienden 1066 occurrence reveals evenly medium 
to coarse-grained mineral constituents with granitic texture. The rock consists 
essentially of feldspar and biotite with a little guartz and micropegmatite. 
Accessory constituents are apatite, sphene, muscovite, a little ore and some 
carbonate. The mode, as determined on the intergrating stage, is as follows: 


Feldspar — 86.4, biotite— 97, dguartz— 1.03, calcite— 0.45, micro- 
pegmatite — 1.15, accessories (sphene, apatite, ore) — 1.30. 
The norm, calculated irom analysis No. 11, is as follows: 


Feldspar — 84.33 (Or — 12.79, Ab — 44.02, An — 21.52), hypersthene — 6.34, 
olivine — 9.2, magnetite — 116, ilmenite — 2-10, calcite — 1.3, 
corundum — 1.53. 
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The feldspar is mainly plagioclase with some orthoclase. Both types of 
feldspar have been much saussuritised, the plagioclase more so than the 
orthoclase, so that only a few crystals were still suitable for optical 
determination. 'These were found to be andesine with An — 37 or 38. 'This 
corresponds well with the normative value of An — 885. 'The sphene is 
distinetly pleochroic With .— green, Ê — greenish and y— red-brown. 'The 
biotite has no uncommon optical properties. 

The differences between the norm and the mode are remarkable: the former 
indicates an undersaturated rock with free corundum and free olivine, the latter 
is a saturated rock with free guartz and some micropegmatite. 'These differences 
are believed to be mainly due to the secondary alteration. Sericitisation of 
andesine jinvolves an enrichment in potash. 'This potash is registered in the 
norm as orthoclase, the formation of which reduires much silica so that the 
residual silica cannot satisfy the remaining radicles. Sericitisation of andesine 
similarly involves an enrichment in alumina, and since, in addition, the 
aluminous biotite is calculated in the norm as non-aluminous hypersthene and 
olivine the excess alumina (corundum) in the norm is not surprising. 


A rock of dioritic composition occurring in a granite-dolomite contact zone 
near the common beacon of Scott 1091 and van Heerden 1116 was sampled 
and a thin section prepared from it because of the close resemblance in haad 
specimen that this rock has to the anorthosites to .be described later. 

In thin section it was found to be essentially similar to the dioritic rock 
from Vrienden 1066 except that the feldspar is more altered and only occasional 
Crystals are fresh enough for optical determination. Biotite is present but has 
been mainly altered to chlorite with a little epidote. 'There are a few colourless 
Crystals having low birefringence, relatively high relief and 2Vy estimated at 
40-45 from the curvature of the isogyres. 'These are believed to be a mineral of 
the chlorite group. Most interesting is an antiperthite formed of fresh microcline 
in a plagioclase Tfeldspar host. (Carbonate is present in a few clusters in 
association with dguartz, tiny garnets and the chloritic mineral referred to. 


The plagioclase is again andesine with 37% anorthite. 


A table of chemical analyses of dolomite and of a transgressive, serpentinous 
vein in the dolomite is given on p. 49. Analysis No. 9 of the transgressive vein 
gives some indication of the composition of the solutions which effected the 
mineralogical changes described. Compared with the average composition of 
the dolomite this analysis reveals a marked increase over dolomite in the 
amounts of silica and alumina, which means that these constituents must have 
been present in the solution and probably in fair concentration. (The term 
“concentration” is used here in the sense of relative saturation rather than 
as a relative percentage.) 'To a lesser degree enrichments were also brought 
about in both ferrous and ferric iron and alkalies, whilst manganese and 
titanium were introduced as new constituents. Obviously these constituents 
must have been present in the liguid emanations, but probably in smaller 
concentration than the foregoing. The presence of a fair percentage of ferrous 
iron at the same time indicates reducing conditions. 'In addition a small 
decrease in magnesia and a considerable decrease in lime is revealed. It cannot 
be deduced that these radicles were absent from the solutions but at least it 
may be inferred that they were present only in small amount. Remarkable 
is the absence of phosphoric acid in the sample analysed since small apatite 


49 


Crystals are duite numerous in parts of these veins. 'The chemical results are 
in accordance with the mineralogical observations, notably as regards the 
deficiency of magnesia and conseguent absence of magnesitisation. 

Furthermore, the analyses show the dolomite to be a remarkably pure 
rock, in all cases closely approximating the theoretical composition of true 
dolomite. The incompetency of the liguid emanations to effect the 
dolomitisation of the original limestones has been proved on mineralogical and 
chemical grounds. 'This conclusion finds support in the field since the 
dolomitisation is uniform in so far as analyses were made and duite unrelated 
to the granite contact. Dolomitisation must have occurred before the intrusion 
of the Old granite. 'The prevalent theory that dolomite is formed by the 
replacement and leaching of limestone by marine waters (57, p. 347) before the 
sediments were completely consolidated would suit the facts. 

The absence or scarcity in the rock of aluminous, ferruginous and siliiceous 
impurities has prevented the formation of several lime-alumino silicates 
associated with even a low grade of thermal metamorphism. Aluminous silicates 
were formed mainly at the contacts of the granite or in transgressive veins 
where additions of material from the granite can be demonstrated. 

The failure to find a common contact mineral such as wollastonite can 
probably be ascribed to the presence of much magnesia whereby tremolite or 
diopside was produced instead. A mineral commonly associated with a high 
grade of metamorphism in dolomites is anorthite which was not found. 
Possibly high confining pressures, which prevented the escape of CO,, favoured 
the formation of scapolite instead. Original a2orthite may perhaps have been 


(d) Chemical Amalyses of Dolomite. 


True 

No... (5) (6) (7) (8) Average | dolomite (9) 
SiO, 0-18 0-38 @ ta N 0.22 Rd Mees 90-84 
A1,O; trace — — — - 6-36 
Fe,O nil — — — nil a. 3.04 
FeO 0-72 — — — 0-79 ss 9.44 
MaO ik le 20-19 20:57 20-94 20- 12 91-7 20-53 
Ca0 30-52 30-61 30-69 30-64 30-63 30-4 20-07 
Na,O Ee — 0-10 — 0-10 mi 0-37 
K,O — — 0-03 Ee 0-03 ai 9.49 
HO -— —— — — se 3.49 
EO; 46-89 46-31 46-61 46-59 46-60 47-9 18-20 

IE (Os — — se — — nil 
MnO — Es Ee — - - 0-68 
TiO, Er EE EE — —— 0-20 
Totals 99-49 97-49 98-18 98.39 99-04 100-0 98-71 
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A11 analyses by C. ]. Liebenberg. 
Analysis No. 5 is of a dolomite sample taken by ]. W. Brandt on Ernest 80 well to the west 


of the area under consideration. 


Analyses 6-8 are of rocks from the Mopani dolomite guarries. 


Analysis No. 9 is of a transgressive, serpentinous vein in the dolomite at Mopani. 
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altered to secondary sericitic products. Advanced alterations of this type are 
described in several sections above. 

(e, iv) Dynamic Metamorphism of the Dolomites. 'The dolomites are 
believed to repregent, for the most part, closely folded synclinal structures, but 
this cannot in all cases be demonstrated and some of the dolomitic masses may 
be single, unfolded bands. 'There is no evidence of the plastic deformation of 
individual dolomite crystals, although other formations adeduately manifest 
such structures, as described in subseguent sections. The relatively massive 
character of the dolomite marble must be ascribed to the ease of 
recrystallisation of calcite or dolomite. Following the cessation of diferential 
pressure the dolomite ecrystals recrystallise, thereby obliterating evidence of 
deformation. 'The amphibolites along the dolomite contacts, however, often 
manifest a linear arrangement of prismatic minerals parallel to the general 
direction of maximum elongation of the formations. 


(iii) The @nuartzites 


In the Mopani area lies a great development of almost exclusively duartzose 
rocks. 'The distribution of these rocks and their topographic expression as 
persistent ridges and hillocks of medium relief have been referred to. 

As already stated, these rocks are associated mainly with duartz-magnetite 
rocks. Generally the duartz-magnetite rock is much subordinate to the purely 
duartzose variety and is often altogether absent, so that ridges composed 
entirely of the duartzose rocks are common. 'To a lesser extent these rocks 
occur as bands within the dolomite, in conformity with the general bedding. 
Such exposures have been referred to on Maseri Pan 1092 and Graaf 1125. On 
Albasini 1085 a thin dolomite band only a few inches thick, similar to the main 
dolomites except for the presence of graphite flakes, runs alongside a duartzose 
band for about 4 mile, crossing the railway line into Barend 1089 near its 
eastern extremity. 

The guartzose rocks are characterised in the first instance by a well bedded, 
often distinctly laminated structure. 'The registration of dips and strikes 
conseguently presents no difficulties. 'This bedded structure, coupled with their 
association with the admittedly sedimentary dolomites as beds within the 
latter, mark them as sediments, too. In fact, it would be difficult to account 
for the large, persistent masses of duartzose rock by any other means. It is 
believed that they are recrystallised sandstones. 

The original sandstone has been transformed to a translucent or milky 
white, coarse-grained rock almost exclusively composed of guartz. It is similar 
to the metamorphosed dguartzites of the Bushveld igneous complex described by 
Hall (24, p. 414) as Longsight type. 'The dguartz grains vary in size from a 
fraction of an inch up to about 1 inch and in any particular rock the grain size 
is fairly uniform. 

A very common although not & universal feature is a greenish tinge due to 
the development of chromiferous muscovite in the duartzite, usually on the 
bedding planes. Tf split along the bedding planes the rock has a distinctly 
micaceous appearance, normally green, but bleached white after long continued 
weathering. In sections normal to the bedding planes the green colouration 
appears to pervade the rock in a more or less ill-defined, patchy manner, the 
depth of colour in any particular part depending on the amount of chrome 
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muscovite developed, and varying from a just perceptible tinge to conspicuously 
grass-green. Locally, as on Elgin 845 and Grasplaats 1306, exposures were found 
where green bands 0.25 to 1 inch wide alternate with similar widths of colourless 
guartz. Thickly bedded guartzite without the green colouration may be very 
similar to ordinary vein guartz and can easily be confused with the latter. 

On Barend 1089 several bands of rose duartz lie interbedded with the 
Ordinary chromiferious duartzite. 'This may also be seen on Voorburg 852. It 
is, no doubt, part of the sedimentary succession. Both the rose-coloured and 
green varieties form handsome ornamental stones. 

Tn thin section the green duartzose rock is entirely colourless. It consists 
almost exclusively of large, clear interlocking dguartz grains. Undulose extinction 
is faint or absent. Groups of dguartz grains tend to extinguish simultaneously 
as single units under crossed nicols, and generally speaking all the guartz grains 
extinguish within a few degrees of each other so that predominantly dark and 
predominantly light positions alternate with each other on rotation of the 
mieroscope stage. Furthermore, the crystals are mainly elongated along a 
Common direction. The simultaneous extinction suggests a common 
Crystallographic orientation of the duartz grains as the result of complete 
recrystallisation under stress. 

Tiny inclusions are confined to definite planes in the duartz crystals, and 
as seen in thin section they run in lines across the crystals but not across their 
contacts with other crystals. 'The lines bear no apparent relation to the 
extinction directions of the auartz crystals, but the planes in which they lie 
may possibly coincide with crystallographic planes. 

Tiny acicular crystals, believed to be sillimanite, are present. 

Chromiferous muscovite occurs essentially along the contacts of auartz 
individuals, but also within the bodies of duartz crystals. 'The muscovite flakes 
range in size from .05 mm. in diameter to 0.8 mm. Xx 0.3 mm., the average being 
about (0.2 x 0.1) sduare millimeter. &— 1.589 4 .004. 

(8) The Thermal Metamorphism of the Sandstones. The most conspicuous 
and at the same time the most universal change from a normal arenaceous 
sediment is the complete recrystallisation to a coarse-grained, glassy looking 
duartzose rock, as describad. In this respect the effect is the same as on the 
dolomites. Jn any particular rock there is a tendency to a uniformity of 
grain size, but not as markedly as in the dolomites. 

Adventitious elements, notably small amounts of alumina, have given rise 
to the sillimanite and muscovite. 'The development of much biotite and garnet 
in the granitised duartzites, described under the next heading, is presumably 
indicative of such foreign constituents in parts of the original sediment. 

The complete reerystallisation of the rock may have been effected by the 
intrusion of the anorthositic gabbro sheet or by the granite, but since the 
metamorphic effects of the latter were superimposed on any that may have been 
caused by the gabbroic rocks, it is not possible to make any definite distinction 
between the two. At least it seems likely that the chromium of the chromiferous 
muscovite is in some way connected with the anorthositic gabbro which is 
known to contain chromite, sometimes in large amount. 

The bands of rose guartz referred to are an integral part of the sedimentary 
succession, the colour being presumably due to an impurity in the original 
sediment. Sedimentary rose duartz appears to be exceptional and no reference 
to other such occurrences could be found in the literature. 'The colouring of 
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rose guartz has been variously ascribed to carbon compounds, titania, manganese 
Ccompounds or radio-active substances. Dana mentions only titania. Fuchs 
found 0.5 to 1.5% titania in specimens of rose duartz from Rabenstein, near 
Bodenmais. Weinschenk, however, could find only a trace of titania in rose 
duartz from this locality and duestions Fuchs” results. Watson and Beard”) 
have shown that MnO is present in rose auartz to the extent of .00042%, 
'TiO, .003185%, whilst Steiger gives the percentage of MnO as .0002. Holden (29% 
obtained figures of a similar magnitude and demonstrated the depth of the 
colour to be proportional to the percentage of MnO, whilst there was no 
sympathetic variation between the amounts of titania and the depth of 
colour. Radio-active minerals cause a smoky colour. 

B. Wasserstein kindly examined a few specimens of rose duartz for me 
on the spectrograph. 'These samples were of rose-coloured duartzite from 
northern Transvaal and of rose duartz from Namadualand and South African 
pegmatites. He estimates MnO to be present to the extent of .00X and mere 
traces of titania were observed. It was hoped that a relation would be found 
between the intensity of the manganese lines on the spectrum and the depth 
of the rose colour in the various specimens which would serve to corroborate 
the work of Holden. However, no such relation could be established. But 
since the duantities concerned lie on the limits of what the spectrograph can 
detect by the methods employed, Holden's results cannot be duestioned. 


(b) The Granitisation of the @uartzites. 'The term “granitisation” has been 
overburdened and abused by varied usage to the extent of making an otherwise 
useful name almost meaningless. 'The definition suggested by F. F. Grout 
(21, p. 1540) is here adopted. 

“Granitisation includes a group of processes by which a solid rock (withou6 
enough liguidity at any time to make it mobile or rheomorphic) is made more 
like granite than it was before in minerals, or in texture and structure, or in 
both.” The process in the area under discussion is essentially one of 
metasomatism. 

Tt will be observed on the map that the conspicuous displays of dguartzite 
come to rather abrupt endings in the granite and are sometimes resumed 
along the same strike a few miles beyond the point of termination. Tn this 
way they have become separated into several detached masses with geological 
contact lines that make them look decidedly residual. It has been stated that 
the intermediate areas are occupied by garnetiferous leuco-gneisses which may 
look igneous but are regarded as genetically connected with the duartzites. 
Transitional phases have been referred to and the method of mapping them 
on a genetic basis has been adedguately explained. 

The first stage in the granitisation of the guartzite is the disappearance 
of the green colour and the appearance on the bedding planes of films of 
feldspathic material and biotite. 'The feldspathic material is conspicuous if 
the rock is split along the bedding plane, but demands careful serutiny to be 
observed in sections normal to the bedding. In the next stage a rock is formed 
in which the feldspar has pervaded the whole body of the duartzite whilst more 
biotite has developed, confined mainly to the original planes of bedding. 'This 
is coupled with a very noticeable reduction in grain size. @uartz is still the 
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predominant mineral. Small garnets, also mainly confined to the bedding 
planes, may form instead of biotite, both minerals may simultaneouslr 
accompany the initial feldspathisation or bands of garnetiferous rock may 
alternate with bands of micaceous rock. 

In some cases the duartzite becomes feldspathised with very few or no 
other minerals accompanying it, large crystals of feldspar lying within the 
body of the guartzite. Obviously a massive guartzite thus feldspathised would 
closely resemble certain pegmatites. 

In other instances the dguartzite is impregnated with innumerable, small, 
ruby-coloured garnets, which gives the impression as if a red fluid had locally 
been absorbed by the rock. On the northern slopes of Blaauwkop large garnets 
up to 2 inches in diameter are abundantly developed in the duartzite whilst 
feldspathisation is duite subordinate or absent. (See Plate II, Fig. 138) Although 
feldspar, garnet and biotite are the usual minerals formed, amphibole and 
occasionally large black tourmaline crystals may develop in the duartzite. 

A rock sampled near the homestead on Barend 1089 is of reduced grain 
size, has much feldspar and duartz and several thin streaks of biotite traversing 
it in planes parallel to the bedding. 'The feldspar is locally yellowish-green 
and probably altered. 'The granitisation has advanced to a stage where the 
rock begins to “look igneous”. 

A thin section reveals duartz, feldspar and biotite named in order of 
abundance. 'The feldspar makes numerous embayments and rounded, toothlike 
offshoots into the dguartz, so much so that some of the larger duartz individuals 
have become divided into smaller pieces, separated from each other by 
feldspathic matter. All the individuals extinguish simultaneously, thereby 
yielding sure proof that they formerly belonged to a single individual and that 
the intermediate feldspathic portions must have been so emplaced by a process 
of metasomatic replacement. 'The same is true of the biotite which, together 
with a little feldspar, traverses the duartz crystals in narrow bands, locally 
projecting into the duartz and separating single individuals into parts which 
extinguish simultaneously. 

Unfortunately these very fine effects have been marred by subseduent 
sericitisation. Since sericite replaces both duartz and feldspar, the described 
embayments into duartz, where they consist of sericitic material, cannot be 
attributed to a replacement of duartz by an original feldspar, now altered, for 
it may be due entirely to sericitisation. Since, however, polysynthetic twin 
lamellae are still visible in the sericitic material, the original feldspar must 
definitely have been so emplaced and this contention is supported by the less 
altered portions. 'The feldspar is both potash feldspar (untwinned) and albite, 
the latter much altered. 

Another sample from Burton 1118, taken near a large baobab tree along 
the road to Chipese, is less granitised and still more duartzitic than the one 
just described. It has a fair amount of biotite, developed mainly on the bedding 
planes, together with some feldspar, which mineral is subordinate to duartz. 
Relatively narrow bands rich in biotite separate wider bands rich in garnet. 

Thin section again reveals convincing evidence of replacement on similar 
lines to that described above, but since the duartz individuals are smaller the 
simultaneous extinction of detached parts is less conspicuous. Fairly fresh 
microcline is the predominant feldspar, whilst original plagioclase has been 
mainly sericitised. A few garnets are present and these contain abundant 
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inclusions of dguartz with “corroded” appearance. Mostly, but not invariably, 
these guartz inclusions extinguish in groups indicating them as remnants of a 
now largely destroyed individual. Others extinguish simultaneously with 
adjacent duartz crystals outside the garnet. 'These effects are rendered more 
conspicuous by the gypsum plate. 'There is little doubt that the garnet, as 
well as the accompanying biotite and feldspar, has been formed mainly by a 
process of metasomatic replacement of pre-existent duartz and that the 
plagioclase, in turn, has been partly changed to sericite by a later but 
similar process. 

A third sample, from Waterkloof 1301, consists of guartz, feldspar, about 
90% of biotite and a little myrmekite. 'The latter replaces potash feldspar. The 
feldspar is mainly microcline although some plagioclase (An 20-25) is present. No 
orthoclase was seen. Evidence of replacement is on similar lines to the 
foregoing, although less conspicuous, the main difference being the relatively 
high percentage of biotite developed in this instance. Granitised duartzites 
rich in biotite are common: 

It is difficult to demonstrate a progressive granitisation in the field in any 
particular locality, although evidence of the process becomes convincing from 
the examination of several exposures. 'The passage from distinctly duartzitic to 
distinctly granitic-looking rocks is usually rather rapid and often obscured by 
rock debris. As seen north of the homestead on Barend 1089, there is a 
periodicity in the change from duartzite to granitic rock. By this is meant that 
a band of duartzite may become progressively more granitised in a direction 
normal to the strike, towards the granite, but is then suddenly succeeded by 
a band of practically unaffected duartzite which, in turn, is succeeded by a 
more altered zone. 'This change may be repeated a few times until, usually 
only a short distance from the main duartzite mass, there is no recurrence 
of the relatively unaltered duartzite bands and lenses. 'The latter invariably 
lie in planes perfectly parallel to the orientation of the main duartzite. Although 
alternating in this manner, the tendency of the change is progressively to the: 
more altered varieties as the intrusive mass is approached. 

In the large exposures of duartzite in the extreme north the above granitised 
types are all commonly found, notably the rather dark variety of which a 
sample from Waterkloof 13801 has been briefiy described. 'These rocks consist of 
dark bands of biotite and flesh- to rose-coloured garnets from a mere film up 
to more than an inch in width alternating with relatively wide bands of white 
duartzite, the latter often somewhat feldspathised. In this way a grey gneiss 
formed which may hold up to 50% of dark minerals. 'This gneiss, although 
it may be igneous-looking, is not an igneous rock, was never molten, still has 
its original bedded structure and has been formed, like the foregoing types. 
through solutions emanating from the granite magma, circulating mainly aloag 
bedding planes and forming the minerals mentioned in or adjacent to these 
planes by a process of metasomatic replacement. Photographs of such a 
micaceous gneiss showing gradations from duartzitie to a predominantly 
micaceous facies were taken in the dry bed of the Sand River on southern 
Lilliput 842 and are reproduced on Plate III, Figs. 17, 18, 19. 

These darker granitised products locally hold a fair amount of sillimanite. 
and fine exposures of duartz-biotite-garnet-sillimanite gneiss may be found, for 
instance, just west of the railway on Cavan 850. 'The rocks are not as dark 
as the melano-cordierite-biotite gneisses formed through metamorphism of 


PLATE III 
(15) Spotted anorthosite, Zwartrand 1187. (16) Granitisation of anorthosite with 
residual core of unaffected rock, Piet 1088. (17, 18, 19) Successive stages in the 
granitisation of guartzite by metasomatic replacement. 'The dark bands are composed 
of biotite, garnet and feldspar. The white portion is duartzite. (20) Lineated dguartzite, 
Crowlands, 841. (21) Deformed inclusions in granitised auartzite, Crowlands 841. 
(22) Lineation of duartz-magnetite rocks revealed by orientated cummingtonite 
Crystals, Barend 1089. 
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original shales and contain no cordierite. It seems likely that they represent an 
intermediate variety between these and the garnetiferous leuco-gneissas, and 
were probably formed from arenaceous sediments with aluminous impurity 
which contributed to the formation of much biotite with or without 
sillimanite. 'The latter mineral, obviously, may edgually well have been formed 
by a purely thermal metamorphism of impure sandstone. 'The process of 
metasomatic replacement must be regarded as superimposed on the effects of 
thermal metamorphism, which may thereby have been partly obliterated but 
are still manifested by the coarse grain of the completely recrystallised 
guartzite and by minerals of the sillimanite type. In any case it seems clear 
that the products of metasomatiec replacement are not determined entirely by 
the chemical composition of the liguid emanations from the magma but also 
by the chemical composition of the rock affected. Unfortunately no chemical 
analyses of the guartzite and its granitised products could be made, so that: 
no comparison is possible between the probable composition of the solutions 
effecting these changes and those described in connection with similar 
transformations in the dolomite. 

Large masses of distinctly aguartzitic rock may have minor developments 
of such granitised products anywhere amongst them. 'Traced along the strike 
the degree of granitisation is found to vary and areas are found where the 
granitic-looking varieties preponderate, the clearly dguartzitic rocks being more 
in the nature of detached remnants within the former, but all with the same 
strike and dip. Such cases are found near the railway on Cavan 850. In 
mapping these rocks the granitised derivatives were all included with the 
unaffected duartzites, not with the granite, and their presence is indicated by 
the usual coloured gneiss signs. By this grouping it became possible to identify 
the northernmost duartzitie rocks and their derivatives as a large synclinorial 
structure, pitching south-eastward in the north-western part of the area, and 
cross-folded, as described in the section on structure. 'The simplification of the 
geological structure effected by this means affords indirect proof of the validity 
of the genetic relations deduced in the field. 

It cannot be denied that actual injection of igneous material into the 
sedimentary rocks took place, nor that actual assimilation of dguartzite in the 
granitic magma occurred, as indeed they would at any such intrusive contact. 
The effects of forceful injection on the general distribution and structure of 
the Primitive systems have been amply alluded to in earlier sections. Yet apart 
from these major developments the results of replacement are more conspicuous 
in individual occurrences, as far as the duartzites are concerned, than actual 
endomorphic phenomena, probably because of the small chemical affinity 
between acid magma and predominantly duartzose rock and because of the 
unarresting appearance the product of this interaction has. 'The presence of 
actual granitic apophyses in the duartzites is represented on the large scale 
map by several lens-shaped protrusions of granite. 'These are drawn as far 
as possible to fact, but a guantitative discrimination between truly igneous 
granitic rock and products of metasomatic granitisation is not in all cases 
possible so that the presentation is partly schematic. 

The dynamic metamorphism of the duartzites, inter alia, is referred to in 
a separate chapter. 
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(iv) The @uartz-Magnetite Rocks 


The distribution of cuartz-magnetite rocks and their occurrence as low, 
dyke-like ridges of low to medium relief with local prominences, as exemplified 
by Blaauwkop, have been described. It has also been stated that the magnetite 
rocks are interbedded with the guartzites, as many as six alternations of duartzite 
and magnetite rock occurring at one locality on Barend 1089. 'This suggests 
a sedimentary origin for the ironstone. 

It has been observed in adjacent areas as well as on Kitchener 1070 and 
Rotterdam 849 that the duartz-magnetite ridges run parallel to chromite zones 
in the anorthosites, the intermediate area being occupied by varied gneisses. 
This, however, indicates no genetic connection between the chromiferous 
segregations in the anorthosites and the magnetite, the parallelism being 
analogous to that of the Pretoria iron ore and the pseudo-stratification of the 
Bushveld complex. 

The duartz-magnetite rocks, like the duartzites, have a well-bedded 
structure. A rude banding, reminiscent of the common banded ironstones, is 
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(10).—Ouartz-magnetite-cummingtonite rock from Barend 1089. (Analyst C. ]. Liebenberg). 
(10a).—Titaniferous iron ore, lower seam, central portion of Onderstepoort 496, north of 

Pretoria. (Analyst H. G. Weall.). 

(10b).—Ditto, southern seam. 
(10c).—Mean of 43 analyses of representative samples taken by Gutehoffnungsbutte from 
lease of S.A. Iron and Steel Corporation, Western part of Pretoria town lands (25 p. 219 ete.). 
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sometimes apparent, but ordinarily there is no semblance of banding in the 
rock. Finer sedimentary structures, such as false-bedding, were not seen. 

A chemical analysis of an ironstone from Barend 1089 is reproduced as 
analysis No. 10 above. For purposes of comparison two analyses of Bushveld 
magnetite rock together with an average analysis of Iscor ore are included. 

It will be observed that the iron in the Barend rock has been much oxidised 
and although pseudomorphous after magnetite it consists for the most part 
of haematite. It produces a red powder on being ground. 

A feature of interest is the high percentage of silica, which contrasts with 
the Bushveld ores but resembles the Iscor ore. Like the average Pretoria ore 
it has no titania, whilst this oxide is present in large amount in the Bushveld 
iron ore. 'The complete absence of chromium in the northern Transvaal ironstone 
is significant in view of the presence of chromiferous segregations in the adjacent 
anorthosite formation. Accessory constituents may be present in any type of 
iron ore and are therefore not of much significance in determining the probable 
origin of the ore. 'The chemical evidence, like the field evidence, favours a 
sedimentary origin for the ironstones and this origin may therefore be 
considered as established. It is hardly necessary to add that the Barend 
ironstone is considerably poorer as an iron ore than that extracted at Pretoria 
by Iscor. 

Since the change from magnetite to haematite and possibly to some limonite 
is mainly a result of surface oxidation, and to a lesser extent of grinding in a 
crucible, the term magnetite-rock will be retained, as in the case of the Bushveld 
magnetite ores. 

It is indeed by no means established that all the northern Transvaal ores 
have been oxidised to this degree. 

Ordinarily the magnetite rocks are sharply separated from the guartzites 
with no intermediate gradations. On the north-central portion of Barend 1089, 
however, lies a duartz-magnetite rock intermediate in composition between the 
duartzites and the usual magnetite rocks. G@uartz makes up probably 80% of 
this rock by volume. 

(b) Lithology. 'The duartz-magnetite rocks are dark steel-grey to nearly 
black in colour and have a rusty-brown, yellowish, reddish or nearly black 
surface of weathering. 'They are ordinarily evenly medium-grained but range 
from fine- to distinctly coarse-grained. From a macroscopic examination they 
may be seen to consist of white, translucent dguartz and magnetite grains 
(or magnetite pseudomorphs), the latter usually a little more abundant than 
the guartz. The dguartz and magnetite grains are of about the same size. A 
ferriferous amphibole (usually cummingtonite) is often present and is locally 
very conspicuous. Ordinarily, as on Blaauwkop, the amphibole is fine-grained, 
forming tiny erystals with distinctly acicular habit, individual amphibole needles 
and prisms being of the order of 1 to 3 mm. in length. Near the homestead 
on Barend 1089, however, the cummingtonite crystals attain an unusually large 
size, being mostly 1 to 5 inches in length and 0.25 to 0.75 inches in width, thus 
giving rise to a distinctly porphyroblastiec rock. At the same time numerous 
small amphibole crystals are also present. 'The Cummingtonite crystals lie 
mainly in the bedding planes so that they are not conspicuous in a rock section 
normal to these planes. On the bedding planes, however, they lie as very 
conspicuous golden brown crystals With a fibro-tabular habit and a somewhat 
silky lustre. Although all orientations within the plane of the bedding occur, 
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there is a predominant linear arrangement of the longest axes parallel to the 
direction of maximum elongation of these rocks. 'The mean axis of the 
` amphibole cerystals also lies in the plane of the bedding, but normal to the 
longest axis, whilst the smallest axis is perpendicular to the bedding plane, which 
is the same as the fold axial plane in an isoclinal fold. (See Plate III, Fig. 99) 

The magnetite crystals are sometimes well formed, and dodecahedral and 
octahedral forms, often with striated faces, may locally be discerned with a 
lens. The magnetite crystals may themselves be drawn out in the direction 
of maximum elongation, thereby serving to accentuate the linear effect produeed 
by the cummingtonite. 'The best example ever seen of this type is in a sample 
collected by O. R. van Eeden in the area immediately west of the one under 
consideration. 'The magnetite crystals of this rock are 0.25 to 0.75 inch in length 
With a conspicuously “drawn out” or elongated appearance along a fixed 
direction, clear striations on the crystal surfaces also running mainly parallel 
to the direction of maximum elongation. 

(C) Microscopic Features. 'Thin section reveals only medium- to fine-grained 
duartz and magnetite grains in about edgual proportions and of edual size with 
a little limonite and occasional cummingtonite crystals. 'The duartz grains do 
not extinguish simultaneously, as in the case of the duartzite. 'The magnetite 
grains lie with their longest axes rudely but clearly aligned. 'The amphibole 
crystals are brittle and broke out of the section. Separate crystals were therefore 
ground, boiled in dilute BCO1 to remove the limonite which imparts to the 
mineral its brown colour, and the fiesh-coloured powder so obtained was 
mounted in Canada balsam for universal stage determinations. For this work 
1 am indebted to Mr. H. J. Nel of the Geological Survey Laboratory. 

The crystals are entirely colourless in powdered form under the microscope 
after treatment with dilute acid. Optical determinations were rendered very 
difficult through the minutely twinned structure of even the smallest grains. 
However, the following results were eventually obtained: 
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(d) Some Genetic Considerations. 'Tt has been shown that the ironstones 
and guartzose rocks are sediments, but it has been merely assumed that the 
dguartzose rocks are recrystallised sandstones whilst nothing has been said 
regarding the type of sediment which gave rise to the ironstones. It is possible 
that the guartzose rocks may represent recrystallised cherts whilst the duartz- 
magnetite rocks are metamorphosed banded ironstones so that these rocks 
and the dolomites would be essentially a group of physico-chemical precipitates. 
In this event they could be properly correlated with part of the Fig Tree series 
in the Barberton mountainland. 

Alternatively, the auartzose rocks may be recrystallised sandstones whilst 
the ironstones may have a clastic origin which would justify a tentative 
correlation with the Moodies series. 

Pre-Cambrian ironstones are commonly associated with much silica, which 
appears to favour a general chemical! origin for these rocks, for otherwise the 
association would be difficult to account for. Moore and Maynard (48) have 
shown by an exhaustive series of experiments that hydrosols of silica and 
ferric oxide are duite stable, taken separately, and that they are both 
precipitated in the sea, the ferric oxide being much more sensitive to ocean 
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electrolytes than silica. If the two hydrosols are mixed practically all the iron 
and a little of the silica are precipitated immediately. However, as little as 
9 parts per million of natural organic matter acts as an efficient protection 
for eolloidal silica and ferric oxide. It is therefore possible that considerable 
guantities of iron and silica may be transported as colloids in the presence of 
each other in natural waters. 'The banding of certain ironstones is ascribed 
to the differential rate of precipitation of iron and silica by sea water, combined 
with the infiuence of seasonal changes which cause varying dguantities of these 
substances to be transported to the basin of deposition at different times of 
the year. 

Gruner (93) believes that precipitation of iron and silica is caused chiefly 
by algae and bacteria, but admits that inorganic reactions may have caused 
much colloidal silica and iron to be deposited. 

Twenhofel (57, p. 543) believes that peneplaned lands are necessary for the 
formation of chert and flint deposits of any magnitude, since high, dissected 
lands would furnish too much mud and sand to the sites of deposition. In 
this connection it does not seem unlikely that base-levelled areas of basic and 
ultra-basic rock could similarly supply the reduisite iroa for the great 
sedimentary iron ore deposits. 

Magnetite deposits of clastic origin have been formed, for instance, on the 
lower St. Lawrence River and along the Columbia River, Oregon. Mechanically 
concentrated magnetite sands of Japan and along the coast of New Zealand 
have been exploited as a source of iron. Such gravels and sands are usually 
derived from the disintegration of igneous rocks. lIron compounds transported 
by traction and visible suspension come to rest at those places where the 
capacity and competency of the transporting agents decrease after the slowing 
down of the velocity of the stream. It is therefore reasonable to suppose that 
where magnetite particles are deposited by this means they will be associated 
with other heavy minerals such as garnets, pyroxenes amphiboles, ilmenite, 
sphene, rutile, corundum, etc. Yet the chemical analysis and microscopic 
examination of the northern Transvaal ironstones indicate little else than iron 
Oxide and silica in about edgual proportions. 'There is a mere trace of titania 
whilst magnesia and alumina amount to little over 1% each. 'There is 
accordingly no evidence that more than trivial duantities of such minerals were 
present, if any. 

On the basis of a general clastic origin for these sediments gradational 
contacts between the ferruginous sandstones and the iron-free sandstones are 
to be expected. Actually the contacts are knife-sharp, the dark, highly 
ferruginous bands contrasting conspicuously with the interbedded layers of 
iron-free sediment. 

With the exception of conglomerates, which are characteristically lenticular, 
beds of clastic sediment of the order of 50 to 100 feet in thickness are normally 
very persistent. The duartz-magnetite rocks of similar thickness have a 
relatively lenticular mode of occurrence, the beds dying out within the Space 
of one or two miles. 'They do not seem to adhere to any definite horizon in 
the sedimentary succession. 

These three factors practically preclude a mechanical origin for the 
duartz-magnetite rocks, but are at the same time in complete accordance with 
a mode of origin as suggested by Moore and Maynard or Gruner. Obviously 
nothing can be deduced from highly metamorphosed rocks regarding the roles 
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played by micro-organisms and direct chemical precipitation. But since the 
electrolytes of sea water have been shown to be efficient agents of precipitation 
of colloidal iron and silica, it seems unnecessary to invoke the aid of 
miero-organisms unless there is definite evidence to this effect. 

A chemical origin for the iron, on the lines proposed by Moore and 
Maynard, seems highly probable, but there is very little to suggest a banded 
structure in the original sediment in spite of the fact that metamorphism 
generally serves to accentuate such structures. Only occasionally, as to the 
south of Blaauwkop, was a faintly banded structure, reminiscent of banded 
ironstones, observed. It is therefore unlikely that the duartz-magnetite rocks 
represent recrystallised banded ironstones. 'The colloidal ferric oxide hydrosol 
and the associated silica must have been precipitated as a more or less 
homogeneous mass in wWinich a rude banding was only locally developed. 

The guartzose rocks, like the duartz-magnetite rocks, are distinctly thickly 
bedded. 'The only banded structures ever observed in them are the alternations 
of dark green and light green bands consedguent upon variations in the amounts 
of chrome muscovite, but these have been stated in an earlier section to be 
duite exceptional. 'The periodicity of the succession as seen in the Fig 'Tree 
series and allied formations, manifested by the rapid alternations of variously 
coloured cherty bands and shaly intercalations, is nowhere in evidence in the 
area under consideration. 'The duartzose rocks do not simulate a banded chert 
formation. 

@uartzose rocks occasionally cccur within the dolomites as relatively 
persistent, parallel-walled bodies. 'They are in no way reminiscent of the 
irregular, lenticular cherty structures so conspicuously displayed by rocks of 
the Dolomite series in the Transvaal system. 

At the common beacon of Oom Jan 1094 and Rissik 1083 a band of duartzitic 
rock runs alongside dolomite. This rock is much silicified, fine-grained, of a 
rusty-brown colour and in appearance distinctly a dguartzite. It is regarded as 
being of particular significance in representing a less altered facies of the 
otherwise completely recrystallised duartzose rocks. 

In discussing the granitisation of the dguartzose rocks reference was made 
to greyish, duartz-biotite-garnet gneisses, sometimes with sillimanite, regarded 
as metamorphosed eduivalents of originally argillaceous facies of the sandstones. 
Had the original sediment been a chert, it is held that separate shaly bands 
would have formed instead of aluminous admixtures. 

The foregoing four lines of evidence are indicative that the duartzose rocks 
'do not simulate chert formations and are to be regarded as recrystallised 
sandstones. 

The formation as a whole therefore represents chemically deposited 
sediments, such as siderite, hydrated iron silicates or ferric oxide hydrosol, 
perhaps locally enriched, and interbedded with normal clastic sediments such 
as shale and guartzite. A like origin is ascribed to the Lake Superior iron ores 
by Lindgren (41, p. 299). If this interpretation be correct, it would not signify a 
completely base-levelled landsurface as the source of supply of silica and iron. 


(v) The Argillaceous Sediments 


The probable existence of a purely argillaceous member in the sedimentary 
succession has been briefiy alluded to in earlier sections. Its former existence 
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is deduced from the presence of highly aluminous gneisses which would otherwise 
be difficult to account for. 

That a shaly component should produce some of the most highly altered 
rocktypes in the succession so far described is to be expected, since it permits 
of numerous chemical reactions and conseduent mineralogical readjustments 
taking place solely as the result of increased temperature. At the same time 
it is not so impervious to volatile emanations from the magma as the relatively 
massive dolomite. Readjustments of eduilibrium with increasing temperature 
are therefore not confined to recrystallisation and progressively coarser grain 
size, as in the duartzites and most dolomites, but result in the production of 
completely new suites of minerals. At the same time the regeneration of new 
minerals is not merely peripheral, as with the dolomites, but may affect the 
entire mass of argillaceous sediments. 

In the northern Transvaal there is unfortunately no possibility of studying 
progressive metamorphism from slightly to completely altered rocks, since all 
the rocks of this group have suffered the highest degree of alteration and their 
originally argillaceous nature can only be deduced from their mineralogical 
Composition, association with sedimentary rocks and similarity to highly 
metamorphosed shaly rocks from other areas where the transition to admittedly 
shaly rocks is still clear. 

The aluminous gneisses in the area under consideration are of very 
fragmentary but at the same time widespread distribution. Notable occurrences 
are on Piet 1088, Barend 1089 and Rodeen 13802. 

The rock is normally dark grey, distinctly melanocratic, medium-grained 
and porphyroblastic. An open banding is common and it may be justly termed 
a eneiss. At the same time schistose structures are well developed through the 
abundance of orientated platy and acicular minerals. Macroscopically the 
following minerals can be identified: rose-coloured garnets (probably almandine), 
much biotite, greenish cordierite, commonly but not always sillimanite, dguartz, 
occasionally corundum and locally some graphite. 

Garnet commonly forms conspicuous porphyroblasts as near the homestead 
on Barend 1089 where some of the rocks are studded with almandine garnets 
about 3 inch in diameter. On Piet 1088 pockets of remarkably large, pure 
sillimanite crystals occur in this rocktype and were formerly exploited. About 
15 tons of sillimanite were extracted at one locality. Individual stout sillimanite 
prisms attained a length here of 3 to 6 inches. Normally they are present as 
tiny needles. 

Linear arrangements of the mineral components, parallel to the general 
direction of plastic deformation of the associated basement rocks, are often seen 
and are locally very conspicuous. 

A thin section of a sample from near the homestead on Barend 1089 reveals 
a coarse- to medium-grained rock composed essentially of duartz, biotite, 
cordierite and garnet. Apatite, sphene and tiny zircons are ACEEssOTYy 
constituents. Several zircons can be identified inside biotite flakes by the 
conspicuous pleochroic haloes they form. No sillimanite could be found in 
the section, but the mineral is present at a locality near to the point of 
sampling. 

G@uartz is abundantly present as several large grains which show strain 
shadows and have many irregular eracks. It is also found as small, partly 
resorbed grains inside the cordierite or garnet crystals. 
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Cordierite is a major constituent and may be readily identified by its 
somewhat advanced alteration to pinite. 'This alteration is typically in thread-like 
stringers through the cordierite but commonly peripheral, and where this is 
advanced a mere core of cordierite remains in a mass of fine alteration 
products. The pinite is a light yellow to greyish very finely micaceous material, 
the mode of alteration being reminiscent of the replacement of duartz and 
feldspar by sericite. 


The biotite is strongly pleochroic from yellow to brown. Numerous tiny 
zircon crystals, some large enough for positive identification, are present in 
the biotite and are rendered conspicuous by their pleochroic haloes. Zircons 
in cordierite have no haloes. 


A few relatively large porphyroblasts of garnet with poeciloblastic habpit 
are present. Enclosed in the garnets are numerous small grains of guartz, often 
with markedly corroded surfaces implying a growth of the garnet at the expense 
of guartz. Similarly corroded dguartz grains and garnets are present in cordierite 
which suggests that cordierite grew partly at the expense of garnet and 
guartz. Occasional cordierites have sufficient inclusions of duartz to be styled 
poeciloblastic, but garnets in cordierite are not so abundant. 'Tiny zircon 
Crystals are present in garnet as in other minerals, but without haloes. 'The 
garnets are rose-pink in colour with n — 1.75. 


From a macroscopic examination of the large sillimanite crystals referred 
to it seems certain that they must have grown at the expense of the biotite, 
garnet and cordierite, for they grow across these minerals and contain several 
small inclusions of them. 'The sillimanite is clearly one of the last minerals 
to. 1oFrm. 

Summarily, then, the order of mineralogical changes in the progressive 
metamorphism of the original argillaceous sediment would appear to be: 
(1) Aluminous sedimentary material; (2) appearance of garnet and biotite; 
(38) cordierite; (4) sillimanite and rarely corundum. Cyanite'*) has been 
reported in these rocks and is probably a late mineral. 


These mineralogical changes are not representative of complete chemical 
reactions affecting the rock as a whole, for the alumina-content of the rock 
does not change. 'The evolution of progressively more aluminous minerals 
must be accompanied by the simultaneous formation of other less aluminous 
products. The changes merely indicate characteristic minerals which appear 
with advancing metamorphism. 'Thus Harker guotes the common transformation 
of aluminous biotite into less aluminous orthoclase and non-aluminous 
hypersthene. 

It is also significant to note that corundum is found in these rocks which 
normally contain free duartz. 'This apparently anomalous mineral association 
is also mentioned by Harker (26, p. 60), who explains it by the limited diffusion 
possible in a solid rock. He remarks that for like reasons Goldschmidt's 
adaptation of the phase rule does not apply to the rock as a whole but merely 
to portions smal! enough to be comprised within the sphere of free diffusion. 

A schistose structure is apparent in thin section, mainly from the rough 
parallelism of the biotite flakes. 


*) Verbal communication by E. van Graan. 
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A guantitative determination of an aluminous gneiss from Barend 1089 
gave the following results on the integrating stage: 


@uartz AG 
Cordierite — 21.6 
Garnet — TB 
Biotite ss in 
Feldspar — ds 
Accessories — 18 


This rock had no sillimanite or corundum. 'The percentage of duartz is 
abnormally high owing to the incidental presence of two large duartz grains in 
the section, but otherwise the results are more or less representative. 

These rocks correspond remarkably closely to the altered shales of the 
Bushveld complex referred to as “Malips River type” by Hall (24, p. 404). 'The 
Bushveld rock, described as a schistose or moderately coarse gneissic phase 
of the Groothoek type (cordierite hornfels), is regarded as the product of 
“polymetamorphism”. Tts mineralogical composition is practically the same as 
that described above. 'The rock is well developed at Mphatlele's Location and 
its complete gradation to ordinary soft, clay slate is well established. 


(vi) The Anorthosites and Associated Rocks 


The name anorthosite was originally coined by T. Sterry Hunt for certain 
rocks believed to be metamorphosed sediments. The rocks were gneisses 
containing chiefly orthoclase or potash feldspar and the original usage denotes 
an anorthoclase rock rather than an anorthite rock. Properly, therefore, the 
term should not be applied to the plagioclase rocks, but its modern usage as 
essentially a basic plagioclasite has become so well established that it would 
be futile, apart from serving no useful purpose, to attempt a revival of the 
original application. 

As defined by Johannsen (31) the name includes rocks of the gabbro family 
which are practically free from dark components. They are composed essentially 
of labradorite and bytownite and may be called labradoritites or bytownitites. 
The upper limit of dark constituents is normally given as 5-10%, although 
W. J. Miller loosely applied the name to rocks of the Adirondack mass which 
contain 15-20% of dark minerals. 

If the limitation of ferro-magnesian constituents to a maximum of 5% be 
strictly applied, the bulk of the basic rocks in the northern Transvaal would 
have to be excluded. Some of them are anorthosites in the strictest sense of 
the word, but all gradations from nearly dead white to hypermelanic rocks 
are found. 'The majority of these rocks are felsic and contain on the average 
about 15% of dark minerals by volume. They would probably have been called 
diorites by Shand, but it was decided to retain the term anorthosite as a 
formation name indicative of the essentially leucocratic character of the main 
rock component and of the highly basic character of the feldspars. 

The anorthosite formation has a marked pseudo-stratification similar to 
that of the Bushveld complex. 'This is manifested by the separation of the 
hornblendic constituents into well defined bands within the predominantly 
feldspathic portions of the rock. The planes of the banding are parallel to 
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the planar elements of the gneissose country rocks in the vicinity. Individual 
bands of hornblendite may range from a fraction of an inch in some localities 
to several hundred feet in other cases. Normally they are a few inches to a 


few feet thick and the greatest widths were seen on Waterside 1305 and 
Waterkloof 1301. 


The separation of the rock in this manner into hornblendic and feldspathic 
bands is not complete, all feldspathic portions (anorthosites) containing a 
variable amount of hornblende and all hornblendie portions similarly containing 
a variable amount of feldspathic material But the diferentiation into 
distinctly mafic and felsic bands is nevertheless duite sharp and conspicuous. 
The hornblende in the anorthosite is to all appearances identical to that in 
the perknite bands. 


The anorthosites appear to be generally richer in hornblende where the 
hornblendite bands are abundant or unusually thick. This sympathetic relation 
between the amount of hornblende in the anorthosite and the number and 
thickness of the hornblendite bands, coupled with the identity in the type of 
hornblende in the two cases, establishes the almost obvious genetic connection 
between the two rocktypes. 'Their association is so intimate that no duantitative 
distinction can be made in the process of mapping. 'They had to be grouped 
as a single formation, the prevalent variety being indicated by abbreviations. 


The hornblende crystals in the perknitic bands of the anorthosite formation 
all lie with their longest dimensions in the plane of the banding. 'The hornblende 
crystals sparsely distributed through the anorthositic portions similarly lie 
arranged in such planes. Accordingly the planar element in the structure is 
apparent even in hand specimens of the leucocratic varieties. 


Furthermore, the prismatic hornblende crystals do not lie with their longest 
axes in all azimuths within the plane of the banding but display a rude 
parallelism, locally a duite conspicuous lineation, along a common direction. 
These flow lines are parallel to the lineation of adjacent formations. 

The anorthosites and associated rocks occur mainly as a thick sheet 
underlying the arenaceous sediments. 'This sheet, together with other rocks of 
the Primitive systems, has been overfolded, mainly towards the north, as 
described. 'The fold structure of the anorthosites is clear in the west, but in 
the eastern part of the area near the national road it is not certain whether 
the formation is a fold structure or merely the southern limb of a fold, the 
northern limb having been eliminated by fault No. 17. 

Apart from this main anorthositic sheet, hornblendites are abundantly 
present in the duartzites and along their contacts with the magnetite rocks. 
They occur here as bands varying in width from a mere fraction of an inch 
up to about 100 feet. In the deep road-cuttings along the national road on 
Elgin 845 and Waterside 13805 amphibolites are prominently displayed as black 
bands from a few inches up to a few feet thick in the nearly white beds of 
recrystallised duartzite. (See Plate II, Fig. 14) Some of the thicker layers 
of amphibolite may be continuously traced for a length of one mile or even 
more. With rare exception the amphibolite bands lie perfectly in the bedding 
planes of the dguartzite as though the two form a perfectly conformable 
succession of sediments. In the bed of the Sand River on Rotterdam 849, 
however, a few amphibolite bands were clearly seen to fork out and run in a 
zig-zag fashion, which implies a transgressive relation. Such transgressive 
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relations may be more numerous than seem apparent, for it would mainly be 
in fresh road-cuttings or dry river beds that outcrops are clear enough to 
Cconvincingly demonstrate such a relation. 

Since the hornblendite bands within the sediments are so numerous and 
locally duite persistent along the strike, an attempt was made to indicate them 
on the large scale map. It is clearly impossible to represent every individual 
band of amphibolite, nor is it practicable during field work to trace each of the 
thicker amphibolites up to its respective point of termination. Liberal use of 
the air photographs was made in the process of demarcating the main 
hornblendite horizons, but the presentation, as in the case of the granitic 
protrusions, is partly schematic. There is no satisfactory manner of 
duantitatively representing alternations on a small scale map. 

There is no apparent lithological difference in hand specimens of the 
hornblendites associated with the anorthosites and those within the sediments. 


Anorthosite bands are never, like the hornblendites, found within the 


arenaceous sediments. 

In any area of leuco-gneisses, formed by the granitisation of the guartzites, 
amphibolite bands are present and are locally duite abundant. 'These 
amphibolites are believed to represent the dark bands of hornblendite in the 
Original duartzite. 'They have been less affected and may be more readily 
identified for what they are than the highly granitised duartzites. 

Evidence of the granitisation by replacement of the anorthosites is to be 
found in the railway cuttings through these rocks, notably on the northern part 
of Cavan 850 and Rotterdam 849. 'The anorthosite rocks are here traversed 
by light-coloured veins, usually 6 inches to a few feet thick, running in all 
directions and locally coalescing so as to include '“islands” of unaffected 
anorthosite. (See Plate TII, Fig. 16) 'The anorthosites were in no way 
disturbed, or isolated blocks rotated, and it seems certain that these veins, like 
the transgressive veins in the dolomites, were formed from solutions by a 
process of replacement. 'The veins are composed of feldspar, duartz and 
yellowish-brown mica in about the proportions of an average granite. 

Large-scale assimilation of anorthosite by the granitie magma has taken 
place in the extreme north of the area and may be witnessed in the bed of 
the Sand River on Elgin 845 and Dorothy 844. 

Granite pegmatites in the anorthositic areas are numerous — probably more 
so than in the other rocks. However, they bear no apparent relation to the 
several occurrences of corundum. 'This mineral has been found at numerous 
localities in the anorthositic areas, but usually not in great amount. 'The 
corundum is well-known to persist along definite horizons in the anorthositic 
rocks and prospectors have not been slow to make use of this linear persistence 
in the location of new deposits. West of the national road on Waterside 1305 
one such corundum zone could be traced intermittently for # mile. (In an 
area which I subseduently mapped near Alldays, well to the west of here, old 
prospecting pits reveal the persistence of corundum along a strike of 21 miles 
in anorthosite) Chromite similarly tends to occur along definite horizons in 
the anorthosite formation. Unfortunately only very minor occurrences of 
chromite are found in the area under discussion. O. R. van Eeden *) has 


*) Verbal ccmmunication 
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demonstrated the persistence of this mineral over a strike of 9 miles in the 
anorthosite formation of the area immediately to the west of this one. 

Serpentines are found at several localities, usually as more or less lenticular 
bands of small size, and their total areal development is duite insignificant. 'The 
greenish variety of this rock sometimes contains a little chromite, and the 
COMMON OCCurrence of serpentine close to localities where chromite is found 
in the hornblendites may be more than incidental. 'The serpentines are believed 
to represent a deep-seated differentiate of the gabbroic magma which gave rise 
to the anorthosite formation. 'These serpentines were separately injected on 
a small scale, mainly into the arenaceous sediments. 


(a) Lithological Descriptions. As seen in hand specimen the anorthosite is 
white to grey in colour, depending on the percentage of dark minerals. Usually 
it is medium-grained but locally coarse-grained and never porphyritic. 
Normally only feldspar and hornblende can be identified in hand specimen. The 
banded distribution of the hornblende in the feldspar has been described. If 
split along the plane of the banding the hornblende crystals are seen to be 
evenly spaced. Locally, however, they are concentrated into groups, forming 
large black spots on the otherwise white base. 

The feldspar is invariably white, sometimes opadgue, milky white, often 
translucent. 'This is indicative of a fresh unaltered mineral Exceptionally it 
has a dull, greenish appearance due to secondary alteration. The dark mineral 
is almost exclusively hornblende, sometimes accompanied by byroxene, in 
prisms 1-5 mm. long in the average, medium-grained rocks. Free guartz grains 
can locally be identified, but only with difficulty. 

In thin section the planar structure is generally not perceptible, or only 
slightly so, and the texture approximates to that of a non-porphyritic 
leuco-granite. The mineral constituents are mainly feldspar and hornbleide 
with usually some duartz and occasionally a little biotite accompanying the 
hornblende. Accessory constituents are apatite, sphene, magnetite, zircon, whilst 
various alteration products of the feldspar and the hornblende have been 
registered in addition. 'Two thin sections of samples taken along the national 
road on Waterside 13805 have the following mineral composition, determined on 
the integrating stage: 


(1) Feldspar 83.1, hornblende 16.4, ore .06, epidote .40, apatite .02. 
(9) Feldspar 81.36, hornblende 15.44, guartz 3.20, epidote accessory. 


Pyroxene was not found in any of the thin sections prepared from these 
rocks, but it is present in some of the sections cut from rocks in adjacent 
areas, although there also the hornblende greatly preponderates over 
pyroxene. A thin section of a gabbroic rock from the anorthosite formation 
west of Mopani, kindly lent to me by Dr. O. R. van Eeden, contains pyroxene. 
The rock is as described above, has a fairly distinct finely-banded structure, 
ferro-magnesian constituents and feldspar in about egual proportions, together 
with a little guartz and carbonate. 'The dark minerals are both hornblende 
and pyroxene in about egual proportions. 'The hornblende is clearly replacing 
the pyroxene. Some pyroxene crystals (2Vy — 55-56”, v/c — 42”) are unaffected, 
but the majority are in the process of altering to hornblende, this mineral 
growing at numerous points within the body of the pyroxene as well as from 
the sides inwards. 'The numerous large and small hornblende crystals almost 
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certainly represent the completely transformed pyroxenes, and it is not unlikely 
that all the amphibole in the anorthosite formation originated in this manner, 
even where residual pyroxene can no longer be found. 

The feldspar and hornblende are ordinarily guite fresh with at the most 
incipient sericitisation of the feldspar. Locally alteration is more advanced, the 
feldspars are turbid, and sericite, muscovite and clinozoisite may be identified 
in the seco7zdary products, accompanied by a chloritisation of the hornblende. 
Epidote appears to form at the expense of both feldspar and hornblende. 

The variations in the various optical constants are shown graphically on 
page 121. It will be observed that the feldspar is almost invariably bytownite 
with An near 80. 'These determinations were made on the universal stage. 
Feldspar determirations by the immersion method give a constant value of 
An 18. 'Twinning is almost invariably according to the albite law, but Manebach 
and albite ala were also registered. 

The hornblende is distinctly pleochroic with .— yellow or yellowish-green, 
é — green, v— green to bluish-green. (Absorption — B— a) The optic asial 
angle 9V. was found to be ordinarily either 59” or 69” and v/c is 11-18” or 16”. 

The horablendite bands differ from the anorthositic bands mainly in the 
relative proportions of dark and light constituents. 'The following are the 
relative proportions of minerals, as determined with the integrating stage on 
a sample from Waterside 13805: Feldspar 27.1, hornblende 65.4, duartz "1.5, 
ore trace. 

The feldspars in the hornblendites tend to be rather more altered than in 
the anorthosites, but are still fairly fresh. G@uartz is distinctly more abundant. 
There is no apparent difference in the appearance of the feldspar and hornblende 
in the two rock varieties. 'The optical constants of hornblende in the two 
rock-types are about the same and are plotted on the same graph, p. 121. 'These 
are Ma —68 vve—Iil a—16a4 BEM6TA  I6GO EE OG HOL 
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FIG. 4 


Fig. 4 is a graphical reproduction of the variations in the optical properties 
of the feldspar and hornblende in the anorthosite formation. 'The samples 
were taken from south to north along the road on Waterside 13805. 'Thus the 
traverse is not duite normal to the strike of the formation. 'The distances were 
measured with the motor-car's speedometer. 'The optical constants yv/c and 2V 
of the hornblende are plotted on two separate graphs in the case of the 


69 


anorthosite and hornblendite bands respectively. Similarly the anorthite 
content is separately plotted for the two rock-types. 


The curves are self-explanatory so that the following brief remarks should 
Suffice: 


Progressive changes in the values found on traversing the formation, or 
sympathetic and antipathetic variations in the different curves, are so slight 
as to be probably incidental. 'The optical values are seen to be remarkably 
constant throughout the formation, even those of the anorthositic and 
hornblendic portions being closely similar. 


Bach of the values plotted represents the average of several determinations. 


The hornblendite bands in the arenaceous sediments are macroscopically 
similar to those in the anorthosite formations. In thin section they .differ in 
so far as the feldspar is more altered and less basic, being andesine-labradorite 
with An 48-50. 'The hornblende is similar in appearance, but owing to its strong 
absorption and the relatively great thickness of the section vy/c and ?2V could 
not be determined. 'The percentage of duartz is distinctly higher than in the 
anorthosite formation. 


A band of serpentine was sampled in the duartzites on Waterside 1305 east 
of the national road. 'The exposure is small and the band thins out rapidly. 


The rock is dark, blue-grey in colour with il-defined, somewhat lighter 
coloured patches which are probably unserpentinised mineral constituents. 'The 
weathered surface is dark, nearly black in tolour and characteristically pitted 
owing to the diferential rate of weathering of the mineral constituents. 

Thin section study indicates a rock composed of 40-50% of serpentine and 
associated secondary magnetite. 'The rest of the section consists mainly of a 
few large individuals of rhombic pyroxene (2Vy— 83-87, — enstatite) with a 
few much smaller olivines (2Va4 — 85, — forsterite with 8% of fayalite molecule) 
and hnumerous tiny, yellow-green garnets (n — 1.775) not visible with a lens. 
The serpentine has invaded the enstatite in irregular manner leaving “islands” 
of unaltered pyroxene which extinguish simultaneously under crossed nicols. The 
olivine is less affected. Secondary magnetite, which ordinarily accompanies this 
alteration, is deposited in the usual manner. No feldspar is present. 

A relatively large lens of serpentine on Piet 1088, next to the railway 
line, has been altered by surface weathering to magnetite which occurs as the 
usual network of white veins in a dark base, known as “zebra ore” (60). 'The 
deposit is of no economic significance. 

(b) Comparison between the Northern Transvaal and Bushveld Anorthosites. 
As regards the percentage of dark minerals the northern Transvaal anorthosites 
are probably more the edguivalent of the anorthositic norites than of the true 
anorthosites of the Bushveld complex and may be similarly termed anorthositic 
gabbros. 

The banded anorthosites of the Bushveld have a counterpart in similar 
structures already described in the northern Transvaal. In the Bushveld the 
pyroxene bands are more sharply defined and the constituents more completely 
separated into dark and light bands, the anorthositic portions in the 
Soutpansberg area still holding about 15% of dark minerals, as stated. The 
small scale banding in the Bushveld rocks is more lenticular than the rather 
persistent, parallel walled layers in the area under investigation. 


70 


The eguivalent of the spotted anorthosite is also found in the northern 
Transvaal, although the spots are rather large and may be composed of 
clusters of hornblende crystals several inches in diameter, as o1 Zwartrand 1187. 
(See Plate III, No. 18) 'The spots are best seen in the plane of the banding. 
The mottled variety of anorthosite does not appear to have any counterpart 
in the Soutpansberg area. 

Mineralogically the main difference between the two formations lies in the 
ferro-magnesian constituents. Whereas bronzite is the typical mineral in 
the Bushveld rocks, hornblende is found instead in the northern Transvaal. It 
has been shown that the hornblende is actually derived from a monoclinic 
pyroxene, still well represented in some rocks, and it is this pyroxene which is 
the true counterpart of the diopsidic pyroxene of the Bushveld rocks. No 
rhombic pyroxene was observed in any of the northern 'Transvaal rocks so 
far examined. 

A small percentage of duartz is usually present in the Soutpansberg 
anorthosites, but is not mentioned in descriptions of the Bushveld anorthosites. 

The feldspathic part of the mineral constituents presents no noteworthy 
differences. 'The anorthosites of the Critical Zone of the Bushveld complex 
are bytownite anorthosites with An 80-90 which corresponds closely to that of 
the northern Transvaal. The anorthosites of the Main Zone are less calcic and 
the rock becomes a labradorite anorthosite (24, p. 3838). 


The pyroxenes of the banded anorthosites in the Bushveld are said to lie 
with their longest axes in all azimuths within the plane of the banding. In 
the area under discussion the hornblende crystals tend to lie with their longest 
axes parallel to the general lineation of the formations. 'This will be 
explained below. 


Chromite has been recorded from both formations. 


(c) The Origin of the Anorthosites. As regards origin, two very distinct 
alternatives present themselves: 


(i) The anorthosites are of magmatic origin and were formed through some 
process of diferentiation from a sheet (or sheets) of basic magma 
intruded into the Moodies sediments in the manner suggested in a 
previous chapter. 


(ii) Alternatively, the anorthosites are of essentially metamorphic origin 
and were formed as an alteration product of the dolomites through 
the agency of the granite magma. 


(i) Magmatic Origin. N. L. Bowen (6) has argued that no such thing as an 
anorthosite magma can exist and that the anorthosites present a very special 
problem in petrogenesis. 'The mutual solution theory and the conseduent 
lowering of the melting temperature obtained thereby are held to be 
non-applicable. Yet anorthosites give no evidence of having been raised to the 
temperature reguired to melt plagioclase. 'The view is expressed that the 
anorthosites may never have been molten as such and are formed simply by 
the collection of crystals from a complex melt, probably gabbroic magma. 
Bowen suggests that the ferro-magnesian constituents separated by gravity 
while plagioclase crystals, which are basic bytownite, remain practically 
suspended. “Then, at a later stage, when the liguid has become distinctly 
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lighter, having attained a diorite-syenite composition, the plagioclase crystals, 
which are now labradorite, accumulate by sinking and give masses of 
anorthosite, at the same time leaving the lguid out of which they settle of a 
syenitic or granitic composition.” 

Some conseguences of this, as summarised by Bowen, are that “typical 
anorthosite, very poor in bisilicates, should not occur as small dykes, for a mass 
of accumulated crystals should have very little invading power ... . 'Typical 
anorthosite should for like reasons not occur as an effusive rock .. . . Anorthosite 
should be intimately associated with gabbro but perhaps as intimately With 
syenite or granite. Anorthosites should commonly be labradorite rocks rather 
than bytownite or anorthite rocks.” 

Bowen makes special reference to the Adirondack area. 


In a subseguent paper W. J. Miller (45), basing his view on extensive field 
work in the Adirondacks, strongly opposes Bowen's views. He holds that the 
anorthosite of this area is by no means practically pure plagioclase, the average 
rock containing fully 10% of femic minerals as well as smaller amounts of 
other significant constituents. 'The latter include myriads of dustlike inclusions, 
probably ilmenite, which impart a dark colour to the rock, and a notable 
percentage of potash. Conseguently the preclusion of the mutual solution 
theory is opposed. Miller justly argues that dissolved vapours may furthermore 
have had a marked effect upon the temperature at which liduidity could be 
maintained. He believes that foliation of the anorthosite is essentially a 
magmatic flow structure which goes to show that the anorthosites once possessed 
enough fluidity to permit distinct magmatic currents or movements. 'The 
syenites are shown to be a later intrusion and not a differentiate in situ of the 
magma which produced the anorthosite. The anorthosite diferentiated 
practically in situ from an intruded gabbroid magma and crystallised from the 
upper Or residual portion of the magma during and after the sinking of the 
femic constituents and was to a very considerable degree actually molten. A 
gabbro or peridotite is postulated in depth, although nowhere exposed. 


Both Bowen and Miller are agreed that the anorthosite is not the product 
of erystallisation of a normal magma, but has resulted from the differentiation 
of that magma —a view now generally held. 'They differ, however, as regards 
the modus operandi of the processes involved. 

Each of the above contrasting hypotheses has various supporters and the 
controversy is not confined to the Adirondacks. 'Thus Alling, Cushing, Kemp, 
Miller and Buddington postulate a primary magma with the composition of 
gabbroiec anorthosite so that a gabbroic magma is complementary to the 
anorthosite. 'The transitional mixed rock or “Keene gneiss” is ascribed to the 
injection and disintegration of solid anorthosite by syenite or granite. 

The alternative hypothesis of Bowen to the effect that the anorthosite is 
complementary to syenite-granite magma is supported by Balk. 'The close 
association of a syenite-granite series with anorthosite is so widespread as to 
suggest some sort of genetic relationship. Buddington (11, p. 211) duotes the 
following cases: Morin (Adams, 1896), St. Urbain (Mawdsley, 1927), Arnprior 
(Wilson, 1924), Bergen-Jotun (Goldschmidt, 1922), Egersund (Barth, 1936). The 
“Keene gneiss” is interpreted by Bowen as a facies transitional between 
anorthosite and syenite in a gravity-stratified mass. 

In the northern 'Transvaal the anorthosites present a relatively simple 
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case. 'They occur as an essentially sheetlike intrusioa at least 4 mile thick, 
probably more. 'There is no evidence of syenite near the top nor of peridotite 
at the base, although a few sheets of ultrabasic rock are intruded into the 
sediments. Nor is there any noticeable increase in the amount of hornblende. 
The optical constants of the main component minerals display no marked 
progressive variation from top to bottom, and the light and dark bands have 
been shown to consist of the same minerals, only in different proportions. The 
chemical and mineralogical composition of the sheet as a whole very closely 
approsimates an average or slightly anorthositic gabbro. It difers from an 
ordinary gabbroic sheet mainly in the rhythmic separation of its main 
components into bands of different composition. Such banding or pseudo- 
stratification is no unusual feature, has been described in numerous localities 
and is probably nowhere represented on more grand a scale thaa in the 
Bushveld complex, with which comparisons have already been made. Various 
theories have been advanced to account for these structures, some based on 
detailed chemical work, others mainly on field relations. No general unanimity 
appears to have been reached so far. As stated by Hall, the various views are 
mere mental pictures of processes that may have produced the results observed. 

The mode of occurreice of the northern 'Transvaal anorthosites, and 
particularly the banded structure, necessitates some form of rhythmic 
differentiation in situ most likely by a process of gravitational crystal settling. 
It may be visualised that the first-formed femic minerals, being of higher 
density than a melt from which the femic and salie constituents may 
crystallise, would tend to sink. Similarly salie minerals, being probably lighter 
than a melt from which both femic and salic minerals can crystallise, would 
tend to rise. 'The two types of crystals would cross each other in their 
movement. In the initial stages of crystallisation when there are still relatively 
few solid constituents in the essentially fluid magma, the crystals would not 
mutually interfere with each other and the tendency would be a separation of 
the magma into a basal layer of predominantly femic constituents and an upper 
layer of mainly salic minerals. 

If, however, the magma is relatively viscous, the crystals numerous and the 
rate of movement slow, it may be visualised that the crystals would mutually 
interfere with each other in the process of moving up and down respectively. In 
this manner certain planes of relative stagnancy may arise through mutual 
interference, forming a network of crystals, partly impenetrable to crystals 
moving vertically. At this stage there is a very delicate balance which may be 
easily disturbed by magma flow. However, salic constituents continuing to 
accumulate from below and femics being continuously added from above would 
serve to stabilise such a zone and would form a dark band above and a light 
one below the initial zone of relative impermeability. Then between any two 
such stabilised zones the process may be repeated, and as soon as a band of 
light and dark constituents has been there established it may be repeated yet 
again on a smaller scale between this and the next band. Probably the position 
between the two established bands, where the next one is most likely to 
form, is determined by the relative rates of up- and downward movement of 
the two crystal types respectively. 

By this process can be explained (i) the separation of a magma into a 
relatively basic iower portion and a salie or more acid upper portion: (ii) the 
banded structure; (iii) the occurrence of a banding on a regional scale and 
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intermediate banding on a smaller or even hand specimen scale. A thick 
sheet may thus be separated into distinct layers in each of which diferentiation 
may then continue independent of the next layer, and the resultant interruption 
of progressive changes from the top to the bottom of the formation as a whole 
need therefore not be interpreted as separately intruded sheets representing 
pulsations from a Common magma. 

The formation of small-scale banding in a crystallising magma and its 
absence in another must be due to several factors which collectively create or 
destroy the delicate eduilibrium necessary to establish the initial zone of relative 
impermeability. Likely factors are the viscosity of the magma, the rate of 
cooling, the thickness of the sheet, the extent of magma flow during cooling, the 
size of the crystals formed, the specific gravities of the crystals and their rates 
of movement in a magma. 

Since the banding of the anorthosites is parallel to the bedding planes of 
the sediments it would mean, on the basis of this theory, that the sediments 
must have been horizontal when they were intruded by the gabbroic magma 
and that they must have remained so until the differentiation was completed. 

After writing the above I incidentally came across a paper by R. R. Coats 
(13, p. 407-419), who proposes a scheme very similar in main outline but with 
certain inherent differences. Coats states his view as follows: 

“If two sorts of crystals of difering densities are settling in a liduid the 
density of which is but slightly less than that of the lighter sort of crystal, both 
varieties will settle towards the bottom. As these two kinds of crystals approach 
the bottom the proportion of crystals to liguid will increase. When a certain 
limiting value is reached, since the sinking of the heavier crystals tends to 
displace the adjacent fluid upwards, this liduid, because of its viscosity and the 
slow rate of settling of the lighter crystals, carries them upwards. There is 
thus produced a layer rich in the lighter, crystalline cozstituent over one rich 
in the heavier. (Crystals of the heavier variety, continuing to fall upon the 
loose mesh of the lighter crystals, will slip through the interstices of the mesh 
until by the settling of the lighter crystals relative to the liduid this mesh 
becomes too tight to permit the passage of any further crystals of the heavier 
variety. The process then repeats itself, another layer of heavy crystals being 
formed on top of the layer of light crystals.” 

Experiments by Coats with labradorite and pyroxene in diluted bromoform 
Of lower density than labradorite succeeded in producing a rude, small-scale 
banding as shown in the photograph accomparying the article. 

An essential difference between this and the afore-mentioned scheme is 
that Coats postulates a fluid of less density than either of the crystals forming 
from it and suggests that although labradorite is lighter than liguid gabbro 
(their densities being respectively 2.74 and 2.61), “dissolved volatile matter may 
operate to decrease the specific gravity”. But since gabbroic magmas, in contrast 
to granitic magmas, are relatively low in volatile constituents, this seems a 
duestionable assumption. Bowen (6, p. 231), in fact, comments on the lack of 
mineralisers in the Morin anorthosite. 

The separation of light and heavy constituents solely by the upward 
displacement of lighter constituents through local currents stirred up by the 
sinking of heavier constituents cannot produce more than a rude separation of 
light and heavy erystals. It does not account for the nearly complete separation 
in nature. Since any light crystal, being heavier than the suspending fluid, will 
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immediately sink again after having been carried upward by a small current, it 
is difficult to see how this process can produce rhythmic banding on anything 
more than a hand-specimen scale — in other words, bands much thicker than 
the order of magnitude of the constituent crystals. On the other hand, in the 
accumulation of crystals both above and below an established layer, there is 
no such limitation to the thickness of the bands that may be formed, nor to 
the degree of separation of the constituent crystals. 

Coats supposes the establishment of an initial layer rich in the lighter 
crystal constituent over one rich in the heavier, whereas the alternative scheme 
supposes the layer of heavier constituents to overlie the initial light bands. 

Both views necessitate a “sediment structure” of the anorthositic rock as 
distinct from a flow structure. Since the magma must be an essentially stagnant 
reservoir for the establishment of the initial delicate eduilibria outlined above, 
the sinking platy and prismatic crystals must come to lie with their longest 
axes or greatest dimensions in the plane of the banding, but in all azimuths 
within that plane. 'This is indeed the case in the Bushveld igneous complex, as 
reported by Hall and Wagner. Kuschke (35) states that the optic axial plane 
of rhombic pyroxenes is generally normal, or rearly so, to the plane of 
pseudo-stratification in the critical zone of the Bushveld igneous complex. 
Similar observations have been made by Schwellnus (53) and Nel (49). The axial 
planes of clino-pyroxenes were found to be perpendicular to those of the 
ortho-pyroxenes in such a way that & of the rhombic pyroxene is parallel to 8 
of the monocliniec pyroxene. At the same time the above observations of Hall 
and Wagner regarding the absence of crystallographic orientations within the 
plane of pseudo-stratification are substantiated. 

In the northern 'Transvaal, however, the linear arrangement of the 
hornblende crystals has been freguently referred to. In this connection it will 
be recalled that the linear element is constant and unaffected by folding of 
the anorthosites on primary and secondary fold axes. It is furthermore common 
to all formations, sediments and igneous rocks alike. As such it cannot possibly 
be a primary structure of the anorthosite. 'The linear arrangement of the 
hornblende crystals in the anorthosite formation is, in fact, the manifestation 
of a once universal, uniform strain in these rocks. In other words, it is 
conseguent upon the interatomic plastic flow of the formation under the 
influence of great stress and high temperature during which process the primary 
pyroxene was transformed to amphibole. Conseguently the linear arrangement 
of constituent crystals constitutes no objection to the views set out above, and 
it is believed that the original ferro-magnesian crystals displayed a sediment 
structure as in the Bushveld rocks, although this is not capable of proof in 
the area under consideration. 

The establishment of the secondary character of the lineation in the 
anorthosites is an important deduction, for it shows beyond all doubt that 
linear structures in igneous rocks cannot be tacitly assumed to be magmatic 
flow structures. It is well known, of course, that foliation is not necessarily 
a “fluxion” banding, as revealed inter alia by the term para-gneiss. 

Pseudo-stratification in anorthositic rocks has been ascribed by some 
investigators to flowage in the magma. Millers reference to the laminated 
structure as a proof that the magma possessed sufficient fluidity to permit 
distinct magmatic currents has been guoted. `Wager and Deer (62) recently 
investigated the funmel-shaped Skaergaard intrusion of basic and ultra-basic 
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rocks which occupies some 50 sdguare kilometers on the northern side of the 
large fjord of Kangerdlugssuad. 'The rhythmic layering of the formation is 
held to be produced by regularly repeated variation in the conditions of 
deposition and they propose that changes in the velocity of convection currents 
were responsible. Evidence of magmatic flow structures in the “Layered series” 
is presented, but no detailed consideration of the mechanism for the production 
of layering is attempted. 'The idea appears to be essentially that convection 
currents of differing velocity would sweep portions of the magma of different 
composition over each other and build up a succession of layers from the bottom 
of the convecting liguid. 'The most conspicuous evidence of flowage is in the 
marginal group of rocks where downward convection may be expected to be 
strongest; but rhythmic layering in the border rocks is absent or feeble. 

It is felt that this view gives no adeduate explanation of the almost complete 
separation of dark and light constituents often observed. 'The speed of convection 
Ccurrents is very unlikely to maintain such a long-continued, harmonic variation 
that a finely laminated “series” could be built up with amazing uniformity of 
structure for a thickness of hundreds or even thousands of feet. 

The almost universal presence of duartz in the northern 'Transvaal 
anorthosites has been mentioned. 'The data given have also shown the duartz 
to be more abundant in the hornblende perknites than in the anorthosites. This 
is obviously not in accordance with diferentiation on a gravitational principle, 
for then the duartz should have been concentrated in the anorthositic portions 
instead. In fact, the presence of dguartz is altogether an anomaly as it is not 
normally present in more than trivial amount in a bytownite. In this connection 
it is noteworthy that an anorthosite rock, regarded as average, has 3.2% of 
ouartz in the mode but only 1.08% of guartz in the norm. Similarly a hornblende 
perknite which has 7.5% dguartz in the mode has a mere trace of auartz in 
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Analyses 11-13 by C. j|. Liebenberg for Union Geological Survey and number 14 by T. 
Kameda for F. F. Grout (29). 
(11).—Diorite, dolomite contact, Vrienden 1066. 
(12).—Anorthosite, national road, Waterside 1305. 
(138).—Hornblendite, national road, Waterside 1305. 
(14).—Anorthositic gabbro, 95 miles south of Messina, 


the norm. The amount of guartz in the mode is therefore not only proportional 
to the amount of hornblende, but disappears entirely, or for the most part, if 
the hornblende be recalculated as a standard pyroxene. It will also be recalled 
that many hornblende crystals have tiny inclusions of duartz within them. 
Hence some connection between the duartz and the hornblende may be 
considered established, and it is suggested that the duartz, for the most part, is 
not a primary 'constituent of the anorthosite but was liberated during the 
transformation of pyroxene into hornblende. 'This adeguately explains the 
anomaly referred to. 
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A duite remarkable reduction in the percentage of femics in the norms of 
the anorthosite and hornblende rocks is registered, compared to the modes of 
the same rocks. Possibly the anorthositic gabbros, as formerly constituted, more 
closely approximated to true anorthosites. 

The foregoing considerations were based on the assumption that the 
anorthosite formation is a manifestation of Jamestown or related activity in 
the extreme northern Transvaal. No genetic relation was postulated between 
the gabbroic magma and the granite. Yet the occurrence of exstensive dolomite 
formations in the proximity of the anorthosites, and the development of 
syntectiec diorites along the contacts of the dolomite and the granite, at least 
suggest that the anorthosite formation, too, may be a syntectie product. It 
could have been formed through the assimilation of dolomite by the granite 
magma, the diorites representing an intermediate stage in the process. 

In this connection the chemical analyses on page 1386 should be of 
interest. 'The diorite represented by analysis No. 11 is the rock used in the 
construction of the Voortrekker Monument and the Pretoria University library. 

If the anorthosite formation is a syntectic product of the type indicated, 
then the chemical components should reveal a serial relationship in passing 
from granite through diorite to anorthositic rocks, and this relation should be 
apparent from a graphical comparison. In addition the changes must be such 
as can be accomplished through the assimilation of dolomite by a granite magma. 

Unfortunately an investigation into this simple relationship is in this case 
complicated by certain disturbing factors. 'The most serious of these is that 
the anorthosite formation is itself differentiated, so that direct comparisons 
have to be made with analyses which do not represent the parent magma. 'The 
best way of surmounting this difficulty appeared to be the computation of the 
probable composition of the undiferentiated gabbro from the three available 
chemical analyses of its differentiates. It was estimated that the anorthosite 
formation contains two parts of perknite to every three parts of anorthosite 
and on this basis the computation was made, Grout's analysis being taken as 
one of the anorthosites. 

The second obstacle is that no chemical analysis of a representative granite 
from this area is available. It would, in fact, be very difficult to find a sample 
for such an analysis. 'To surmount this obstacle an average was calculated 
from 15 analyses of Old granites, and it is felt that this result is sufficiently 
representative for comparative purposes. 


The computed and calculated data are as follows: 


SiO, ALO, MeO CaO K,O Na,O0 FeO Fe,0O, TiO, CO, 


Granite: 1.14 1419 0.16 1.70 4.08 3.90 146 0.77 0.30 021 
Gabbro: 4921 908 486 12.69 0.49 2.23 B.25 0.87 0.66 0.87 


A third difficulty in the proposed study of the variation is that the diorite 
has suffered noteworthy alterations to secondary minerals. 'This may involve an 
error which cannot be eliminated. 

In view of these obstacles the deductions to be made from the curves 
(Figs. 5-7) should be regarded as merely suggestive, so that arguments based 
on them cannot be rigidly enforced. 
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Firstly, a direct comparison of the analyses is instructive. As may be 
expected in any granite-diorite-gabbro series, there is an increase in lime and 
magnesia and a corresponding decrease in silica, so that these data afford no 
diagnostic criterion. 

A discrepancy arises in the case of alumina where the assimilation of 
virtually non-aluminous dolomite has produced a marked increase in the 
alumina-content of both the gabbro and the diorite. In the case of the diorite 
the discrepancy is explained by the advanced secondary alterations of the 
feldspathic minerals to sericitic products, this change involving an increase in 
alumina. But the high percentage of alumina in the gabbro remains inexplicable 
i! the syntectic origin of this rock is assumed. 

Sericitisation should similarly have increased the potash-content of the 
diorite, but apparently it did not occur to the extent of disturbing the correct 
serial relation which is found for that constituent. 

The high content of soda in the diorite, which is manifestly a syntectic 
product, is a complete anomaly, for it is inexplicable how the assimilation of 
almost perfectly pure dolomite by the granite can raise the soda-content of 
the product above that of either of its rock components. 'This is the more 
remarkable in view of the advanced alteration to sericitic products which should 
have decreased the soda-content of the diorite. A tentative suggestion is that 
the Mopani granite is a soda granite, the rocks from Graaf 1125 having 
plagioclase with only 9-14% anorthite, so that the correct value for soda differs 
from that of the calculated average. In this connection it is of interest to note 
that the adjacent Pietersburg granite is distinctly richer in soda than the 
calculated average. 

A similar but lesser difficulty arises from the slight increase of total iron 
in the diorite as compared with the granite. But at the same time the rise of 
total iron in the gabbro is of such a magnitude as to seriously militate against 
the syntectic origin of the latter. 

It is to be concluded that the percentages of alumina and total iron in the 
rock-types concerned form a serious obstacle to the assimilation hypothesis as 
applied to the gabbro. At the same time the other values do not entirely favour 
this explanation for the origin of diorite. But since in this last case the 
discrepancies are of the order of 1%, they must be assumed to be due to the 
only approximate accuracy of the computed chemical data. 

The foregoing relations are also apparent from the variation diagrams, the 
most instructive of these being the common type in which silica is plotted 
against the other oxides, for which see Fig. 5. 
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Each curve is determined by only three points, so that deductions can be 
drawn only from the shapes of the curves. Salient features of the diagram are 
the soda and alumina curves which clearly oppose a serial relationship of the 
granite-diorite-gabbro series. 
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In Fig. 6 the molecular values al, fm, alk and c are plotted against si for 
dolomite, diorite and granite and curves are drawn through these points. 'The 
values plotted for the gabbro may now be readily compared with the ideal 
values for a serial relationship, as reduired by the curves. 

As before, an approximation of certain values to the ideal relations is to 
be expected; but this is not of the same diagnostic significance as possible 
disagreements of other values. 'Thus it will be observed that all the values 
disagree, but that al, fm and c provide so close an approximation to the ideal 
redguirements that no deduction is justified. Had the control points been 
connected by straight lines the agreement would have been closer still. 
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the other hand the relation of alk to si shows so wide a divergence 


from the ideal reguirement as to provide definite evidence against a serial 
relationship. 

Finally, Figs. TA and 'B are variation diagrams of typical Bushveld 
rocktypes and their northern Soutpansberg eguivalents. 'The features of these 
diagrams are sufficiently clear to make a comparative description superfiuous. 

Summarily, the evidence favouring a magmatic origin for the anorthosite 
formation is as follows: 


(1) 


(2) 


(3) 


(4 


— 


(5) 


(6) 


CD 


The rocks simulate rhythmically differentiated gabbroic intrusives in 
other areas which are known to be of magmatic origin. A comparison 
with the anorthosites of the Bushveld igneous complex has been made, 
and there appears to be no fundamental difference between the two 
formations with regard to mineralogical composition. 


"The constancy of the optical properties of the two main mineral 
constituents, as represented graphically (Fig. 4), strongly favours 
crystallisation from a magma of uniform composition. Had the rock 
been a syntectic product, this nearly perfect uniformity would not have 
been attained. 


Not a single exposure of dolomitic rock has been found within the body 
of the anorthosites from which a gradational passage from carbonate 
rock to anorthosite could be demonstrated. 'This statement is an 
amplification of (2) and serves to emphasise that the uniformity in the 
mineral constituents is not limited to the thin sections examined, but 
is apparently universal. 


Persistent horizons of chromite within the anorthosite formation lend 
powerful support to the theory of magmatic origin. Chromite is a 
mineral typically associated with basic and ultra-basic igneous rocks 
and it is difficult to visualise how the addition of dolomite to the granite 
magma could have produced chromite. 


Rocks interpreted as parallel intrusive sills, emanating in depth from 
the same magma, are abundantly found in the adjacent sediments. 
These “sills” are represented by bands of hornblendite and by fewer 
and more lenticular bodies of serpentinous rock. It is significant that 
some of the latter are chromiferous. At a few localities a transgressive 
relation between the hornblendite bands and the arenaceous 
sediments can be demonstrated. 


Fine-grained, greyish anorthositic rocks are found near the contact of 
the anorthosite formation and the arenaceous sediments, as near the 
railway on north-eastern Albasini 1085 and on Jooste 1098. 'These are 
interpreted as incompletely diferentiated chilled phases. 


Rocks formed along the contacts of dolomite and granite in this area 
admittedly sometimes simulate the anorthosites, judging from a 
macroscopic examination. However, the rock mass as a whole never 
has the pseudo-stratified appearance of the anorthosite formation, whilst 
the microscopic characters, detailed in an earlier section, are totally 
different. No feldspar more basic than andesine was anywhere found in 
these rocks, whilst the typical feldspar of the anorthosites is bytownite. 
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(8) The chemical data are not in accordance with a syntectic origin for 
the anorthosite formation, although they do not entirely preclude 
the possibility. 7 


(9) Zoned crystals of feldspar in the anorthosite formation have cores 
more basic than the peripheries. In metamorphic rocks, as originally 
shown by Becke, the reverse is usually the case, the margins being 
more calcic than the cores. 


(ii) Metamorphic Origin. 'The alternative case for the metamorphic origin 
is that the anorthosites are a product of interaction between dolomite and 
granite. 'The alteration of the dolomite may have been effected in situ by 
hydrothermal solutions emanating from the granite magma, so that the banding 
of the anorthosite formation is a sedimentary banding analogous to the 
serpentinous banding of the dolomites. Or the anorthosite may have been 
formed by syntexis, as previously suggested. the banding being due to rhythmic 
differentiation of the new melt. Eviaence which may favour these possibilities 
in one way or another is the following: 


(1) Both anorthosites and carbonate rocks are abundantly developed in 
this area and both seem to occupy the same stratigraphical position 
at the base of the arenaceous sediments. 


(2) The formation of anorthite or other calcic feldspars is common in 
metamorphosed limestones. Rocks composed predominantly of 
labradoritiec feldspar (ie. anorthosites) have been described in the 
Haliburton-Bancroft areas of Ontario by Adams and Barlow (1, p. 94), 
who state: “In Harcourt this rock is intimately associated with the 
white crystalline limestone . . . . Its stratigraphical relations here and 
in the adjacent township of Dudley make it almost impossible to 
consider it as other than an alteration product of the limestone.” As 
regards the banding of the formation they say that the sedimentary 
anorthosite of Harcourt “often contains a good deal of green hornblende, 
arranged so as to give the rock a distinct foliation, causing it to bear 
a strong resemblance to a flaser gabbro”. 


(3) @uartz is universally present in the anorthosites as well as in the 
amphibolitic portions and apparently more so in the latter. Anorthosites 
of igneous origin have at the most only accessory duartz,. whilst the 
hornblendite, stated in the alternative case to be the heavier 
differentiate, should have had less and not more duartz than the 
perknitic portions. 


(4) The chromite is of hydrothermal origin, subseguently introduced, whilst 
the corundum zones are altered sedimentary layers rich in alumina. 


(5) The numerous thin but persistent hornblendite bands in the arenaceous 
succession of sediments represent original sedimentary layers of different 
chemical composition from the duartzitiec part, perhaps dolomitic 
marls. 'Their mode of occurrence strongly simulates sedimentary 
intercalations without disproving the igneous origin of the main 
anorthosite formation; but to entirely disconnect these hornblendites 
from similar bands in the main anorthosite formation would involve 
the making of a very unsatisfactory compromise. 
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(6) Dioritie rocks have formed at the contact of the dolomite and the 
granite and a more basic rock may edually well have developed 
elsewhere. In fact, some of the dioritic rocks are so similar to certain 
anorthositie rocks as to be almost indistinguishable in hand specimens. 


(7) The formation as a whole is chemically derivable from a carbonate rock 
plus normal granite. 'The chemical data, though partly opposed to the 
serial relationship of the granite-diorite-gabbro series, are of little 
diagnostic value for reasons already enumerated. 


(iii) Discussion. If the banded structure of the anorthosite formation be 
regarded as an original sedimentary structure accentuated by metamorphism, 
then the transformation would have to be ascribed essentially to emanations 
from the magma, as proposed by the Lacroix school of geologists. In view of 
the limited effects of metasomatic replacement on the dolomites, as described, it 
is inconceivable that the same process could have produced the complete and 
universal transformations from dolomite to anorthosite in other cases. 
Furthermore, if the amplitude of difusion had been large enough to form a 
rock with the uniform mineralogical composition indicated, it could not at the 
same time have been so small as to preserve minor sedimentary structures. 

Should the transformation of dolomite to anorthosite be ascribed to syntexis 
and subseguent rhythmic diferentiation, there would firstly be the insuperable 
objection that it demands an enormous amount of heat to raise the solid rocks 
to melting point and to melt them, and it is unlikely that a low-temperature 
granitic magma could have supplied the reduisite heat. Limited amounts of 
dolomite may be assimilated with the formation of diorites, as observed, but 
this is very different from the complete transformation in situ of a whole 
dolomite formation. At the same time it seems highly improbable that this 
could have occurred before the folding took place when the formations were 
still horizontal, as would be reduired by the rhythmic diferentiation, for the 
invasion of the granite is also associated with the folding. Finally, the same 
granite is redguired to have subseduently changed its own syntectic product to 
a group of varied, streaky gneisses as seen along the Sand River in the extreme 
north of the area — indeed an unlikely series of events. 

It appears that the evidence pertaining to a metamorphic origin is of a 
more or less incideatal nature, and the arguments raised find acceptable 
alternative explanations in the evidence on a purely magmatic origin. 'The 
chemical evidence is partly opposed to a syntectic origin and the microscopic 
data are entirely against it. 

It is concluded that the anorthosite is of igneous origin and bears no 
genetic relation to the dolomite or the granite. 


(vii) The Plastic Deformation of the Rocks 


Plastic deformation is defined by W. J. Mead (42, p. 1019) as homogeneous 
change in shape. 1Tt involves the differential positional shifting of constituent 
materials. . 

It is well known that dynamically metamorphosed rocks show unmistakable 
signs of flowage during deformation, although their unaffected eguivalents are 
entirely brittle and may be crushed under small diferential pressure. 
Experiments have shown that such brittle rocks can be made to “flow” under 
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high containing pressure and great stress. It is partly on the strength of such 
experiments that a so-called “zone of flowage” is postulated at great depth 
and a “zone of fracture” at moderate depth. 


Experiments by Bancroft and Adams (3, p. 634) revealed that an increase 
in the confiining pressure very greatly increases the load reduired to produce 
a certain strain. 'They deduce that movements in the zone of flow, in so far 
as they are determined by pressure, are effected with an ease which increases 
rapidly in proportion to their nearness to the surface, so that at a depth of 
22 miles it would be almost impossible tc make marble flow. Adams (9) has 
calculated the depth of the zone of flow from experiments of this type. 


Griggs (20, p. 541) repeated the experiments of Adams under improved 
conditions and greater ranges of pressure. He finds that as the confining 
pressure is jincreased the character of a rock changes gradually from 
predominantly brittle to predominantly plastic and that no sharp line can be 
drawn between the two. 'The behaviour of limestone under high confining 
pressure is similar to that of a ductile metal. Under a confining pressure of 
10,000 atmospheres (or 22 miles depth of rock) he produced flow in marble 
which amounted to a shortening of 35%. This contradicts the conclusion of 
Adams and Bancroft. 'Thin sections of this plastically deformed rock show 
that the flow is entirely due to slip and much twinning of the calcite. 'There 
was no marked change in the shape or size of the grains. Metamorphosed 
marbles are seldom twinned so completely. Griggs furthermore found that 
even at a confining pressure of 12,000 atmospheres (or depth of 25 miles) duartz 
has no tendency to flow under diferential pressure at room temperature and 
breaks with explosive violence. Finally, his experiments show that a rock is 
more ductile when diferential pressure is increased rapidly than when the 
pressure is slowly increased, which is contrary to popular belief. 


It is felt that experiments such as these should be applied to geology with 
caution since no cognisance is taken of factors which may be predominant 
in the natural process. 'These factors include high temperature, the presence 
of volatiles or liguids and geological time. 'The last factor can never be 
experimentally duplicated and urder natural conditions it may be very 
important. 

The now generally accepted view is that plastic deformation of rocks may 
be accomplished by two main processes. In fine-grained, soft rocks intergranular 
shifting of the materials takes place. 'This is called intergranular plasticity by 
Mead (49, p. 1012). Adsorbed water films, interstitial moisture and the amount 
Of colloidal material (96, p. 152) are operative in reducing intergranular 
friction. As the water is sdueezed out and the voids reduced the material 
becomes progressively less intergranularly plastic. 'This type of deformation 
does not develop cleavage, although a rude orientation of platy minerals along 
the flow directions may produce a degree of foliation. 

In compact, hard rocks flowage is effected mainly by interatomic 
readjustments whilst granular shifting or rotation is slight. The mechanism 
of the change is believed to be the solution of material at the points of maximum 
pressure and its redeposition at the points of least pressure. At least a small 
amount of liguid must be postulated to accomplish the transport of materials. 
If materials are dissolved at one point and redeposited at a point of lower 
pressure they need obviously not crystallise again as the same mineral. Usucly 
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mirerals of platy or acicular habit are developed by this means, such as the 
micas and amphiboles. 'The orientation of these minerals is controlled by the 
Orientation of the strain, a principle developed by Leith (39, p. 112): the minerals 
come to lie with their largest dimensions in the direction of least pressure and 
their smallest dimensions in the direction of maximum pressure. This results 
in the development of a cleavage in the rock, known as flow cleavage, in a 
plane normal to the direction of maximum shortening of the rock and parallel 


to the axial planes of the folds. Rocks with well developed foliation resulting 


from pronounced flow cleavage are generally referred to as schists. 


Monomineralic rocks such as marble or duartzite are not compositionally 
capable of producing new minerals of prismatic or platy habit and cannot 
develop a flow cleavage. Small amounts of impurity in these rocks may result 
in the development of a feeble schistose structure. 


The accommodation of stresses by recrystallisation, as described, may be 
referred to as interatomic plasticity to distinguish it from intergranular 
plasticity. Intracrystal gliding and the development of secondary twin 
lamellae, as revealed by the experiments of Griggs, similarly represent interatomic 
plasticity. This process probably does not become operative until the limits of 
intergranular plasticity are exceeded. 


When eventually the limits of interatomic plasticity are exceeded the rock 
yields by rupture and this failure is along definite surfaces inclined to the 
direction of compression. IJf the original material be represented by a sphere 
the final state of strain may be represented by the deformation ellipsoid in 
which the longest axis corresponds to the direction of maximum elongation, the 
shortest axis to the direction of maximum shortening, whilst the mean axis is 
normal to the plane containing the other two axes. According to Becker the 
planes of slip will be the two circular cross sections of the strain ellipsoid in 
which one diameter remains edual to the diameter of the undistorted sphere. At 
the inception of strain these sections make angles of 45” with the directions 
of greatest and least principal stress; but as the strain progresses the 
deformation ellipsoid flattens out and the two intersecting planes of no 
distortion continually change their orientations. 'This is found to be the case 
in materials that are ductile under experimental conditions, such as metals, 
where the slip lines tend to develop at 45” to the axial stress in compression, 
but in materials that are brittle the angles between the slip lines and the 
direction of compression are appreciably less than 45” 'The mechanics of 
failure in rocks does not merit further expansion in this paper since actual 
faulting at the time of the original deformation played but a very minor part 
in the area under consideration. lIn any Case, conditions are so complex in 
Lature that any deductions which can be made are necessarily tentative. 


Stratified rocks tend to yield to compressive stresses by folding. 'They may 
be regarded as turned around the axis of the fold, and since the outermost 
layers have to conform to a larger circumference than the inner, diferential 
movement between the layers will tend to take place. If the rock develops a 
flow cleavage, the planar element of the cleavage is parallel to the axial plane 
of the fold. The direction of maximum elongation lies in this plane and normal 
to the fold axis, the actual flowage along these lines being to progressively 
shallower levels. 'The direction of maximum shortening is normal to the axial 
plane, but the direction of the stresses producing the strain need not be normal 
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to the axial plane of the fold. In isoclinal folds the flow cleavage will 
accordingly be mainly parallel to the bedding planes of the strata. 

Elongation normal to the fold axis cannot continue indefinitely, and after 
the rocks have become closely folded it appears that further flowage is parallel 
to the fold axis. A discussion on the mechanics of the deformation of 
conglomerate boulders in these two directions is given by Fairbairn (17. 

The various fold structures in the northern Transvaal have been described 
and the methods of mapping the planar and linear elements adedguately 
explained. 

Evidence of plastic flow in the dolomites has been mainly obliterated owing 
to the ease with which calcitic minerals recrystallise. 

The duartzites, being essentially monomineralic, cannot develop a 
conspicuous Tfoliation for reasons stated. Yet the #lattened or elongated 
appearance of individual grains, as revealed by careful serutiny, is proof of 
the deformations these rocks have suffered. In the description of a thin 
section of the auartzite the uniform orientation of aether axes of the duartz 
crystals was referred to. 'This indicates that the plastic deformation of the 
guartzites was effected by interatomic and not by intergranular movements. On 
the bedding planes, which coincide with the foliation planes, a delicate sheen 
is locally developed through the presence of a relatively large amount of white 
Or green mica: such rocks may be termed duartz schists. In the granitised 
dguartzites the distribution of the biotite and garnet in streaks on the duartzose 
foliation surfaces serves to accentuate the linear flow structures. A photograph 
of such elongated dguartz “pencils” separated by micaceous streaks is reproduced 
on Plate III, Fig. 20. 'The accentuation by the biotite of the planar element 
in the structure has been demonstrated by Plate III, Figs. 17-19, described in 
the section on granitisation. 

A feature of some interest is the drawn-out, lenticular appearance of 
certain inclusions in the duartzites observed on Barend 1089 and south-eastern 
Crowlands 844, as illustrated on Plate III, Fig. 21. These inclusions had clearly 
been much elongated in a direction parallel to the fold axis, but since only 
sections more or less normal to the axial planes are exposed, it cannot be 
concluded that this is the direction of maximum elongation. It would be merely 
incidental if this section of the deformed inclusion corresponds to a principal 
section of the deformation ellipsoid, and the different orientation of the strain 
ellipsoid in the adjacent duartzites, Plate III, Fig. 20, practically precludes such 
a likelihood. 

The above inclusions in the slightly granitised auartzite were at first 
believed to represent deformed conglomerate boulders, but since they are all of 
the same material, are locally exceedingly large, and are confined almost 
perfectly to one plane without grading through finer phases into the adjacent 
formations, this view was abandoned. 'Thin section study establishes their 
diabasiec affinities and they are believed to represent deformed dykelets. 

The guartz-magnetite rocks are compositionally capable of producing more 
markedly schistose varieties than the guartzites. Both the planar and linear 
elements of deformation are normally, however, but feebly developed. Locally 
interesting rocktypes are found, as exemplified by elongated, striated magnetite 
erystals and the orientated, minutely twinned cummingtonite crystals described 
in the lithological section. 'The linear arrangement of the cummingtonite 
crystals is shown clearly in Plate II, Fig. 22. 
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The argillaceous sediments have been completely recrystallised under stress 
and high temperature and, as they are compositionally capable of producing 
new minerals, flow cleavage is universally well developed. Original bedding 
structures have been obliterated, and the foliation is approximately parallel 
to the bedding planes (i.e. to the axial planes) of the closely folded duartaite 
and dguartz-magnetite rocks. 'The foliation banding is not very close and the 
rocks may be referred to as either gneisses or schists. Harker (26, p. 229) places 
Cordierite with the characteristic '“anti-stress” minerals. Its abundance in 
dynamically metamorphosed rocks is ascribed to the relaxation of shearing 
stress at the high temperatures reached, whilst under stress conditions its place 
is taken mainly by garnet. If this be the case, cordierite should be one of the 
last minerals to form. “Yet according to the observations made in an earlier 
section sillimanite appears to form after cordierite, growing partly at the 
expense of the latter, which, in turn, comes after garnet. 

Lineation is often conspicuous in the anorthosite formation owing to the 
Uniform orientation of the hornblende crystals. 'This has been shown to be 
no primary magmatic structure but the result of secondary flowage conseduent 
upon the transformation of the original pyroxene to amphibole under stress 
conditions. Obviously all the above transformations result from interatomic 
and not from intergranular plastic flow. 

In conclusion the relation of the lines of maximum lengthening to the fold 
axes must be considered. In the south-western part of the enlarged map, on 
Zwartrand 11347 and southern Voorburg 852, these lines are shown to run 
approximately parallel to the fold axes. On northern Voorburg 852, Ryswyk 853 
and on Frome 851 they are normal to the fold axes. Both cases are in 
accordance with the theoretical reguirements summarised above. On the 
whole, however, the flow lines maintain a constant strike ranging ` from 
north-north-west to north-west, duite unaffected by the strike of the fold 
axes, even where two sets of fold axes are present as the result of 
cross-folding. The local parallel or normal relation to the fold axes is probably 
incidental. 'This constancy of the lines of plastic deformation extends even into 
the granite where the magmatic flow lines are found to maintain the 
same trend. 

Since the flow lines are transgressive to the fold axes the plastic flow must 
have occurred after the folding had been completed, probably with the 
obliteration of any signs of an older flowage that may have been present as 
the result of folding. This indicates that the formations were collectively 
deformed as a single unit, the direction of maximum elongation being generally 
to the north-west, which is also the direction of flow of the granite magma. It 
seems likely that the pressure accompanying the upwelling of granite magma 
was relieved by the folding of the older rocks, causing the magma to flow in 
the direction where relief was effected. 'The engulfed xenoliths of older rock were 
then deformed north-westwards by the flow of the magma. 


(viii) The Correlation of the Primitive Systems 


The Primitive systems may be defined here as all rocks older than the 
Old granite. 'The latter term embraces all granitic rocks older than the 
Witwatersrand system. 


The so-called Old granite covers large parts of the Union and adjacent 
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territories. The name is misleading in so far as it implies the presence of a 
tremendous batholith, whereas actually it is now well established that several 
separate intrusions are involved in the formation of these rocks and that 
considerable time intervals must have elapsed between the emplacements of 
the various bodies. 'Thus, in the Barberton area there are at least three distinct 
granites: the Kaap granite has been shown by van Eeden (59) to be older 
than the folding of the Moodies and Fig 'Tree series; the Nelspruit granite is 
younger than the former and its intrusion is closely related to the folding; the 
M'pagene granite forms boss-like intrusions in the Nelspruit granite at 
Crocodile Poort and near Hectorspruit. 'The three types are duite distinct 
lithologically. At the same time boulders of granite are found in the basal 
conglomerate of the Moodies series (59, p. 39). In like manner Dr. L. Krige *) 
has shown the lower Pongola system (Insuzi series) to rest with a sedimentary 
contact on Old granite near Commondale, whilst the upper Pongola system 
(Mozaan series) is intruded by Old granite. Instances such as these can be 
multiplied, and they serve to show that the term Old granite is no more than 
a convenient sack name for several separate intrusive bodies. 

The name Swaziland system is similarly overburdened and it is difficult to 
determine precisely what is the Swaziland system. It is widely used to embrace 
all rocks intruded by the Old granite and there can be no doubt that several 
distinct systems are included under this heading. In the Barberton area alone 
the Moodies and Fig 'Tree series can with justification be regarded as two 
distinct systems separated by an unconformity. 'The correlation of these rocks 
with detached masses in other parts of the country, such as the Kheis series, is 
a highly speculative matter. 'To avoid the confusion caused by the grouping 
of systems within a system it is proposed that the name Swaziland system 
should be abandoned altogether in favour of the wide but non-committal name 
“Primitive systems”, suggested by du Toit (15, p. 24). 'The names “Primitive 
systems” and “Old granites” should preferably both be used in the plural only 
to indicate that they are group names and not single formation names. 

The Primitive systems are all formations older than any one of the Old 
granites and therefore older than the Witwatersrand system. The lower 
Pongola system rests with a sedimentary contact on an Old granite and is 
therefore excluded from the Primitive systems. 'The upper Pongola system is 
correlated with the Witwatersrand system and is at the same time intruded 
by Old granite. 'This illustrates the confusion resulting from the loose usage 
of these terms. 'The correlation of the upper Pongola and the Witwatersrand 
systems being established, the granite intruded into the former should have 
been excluded from the Old granites. 

Direct correlation of the various developments of rocks belonging to the 
Primitive systems is a highly tentative matter. (It rests on stratigraphical 
parallelism coupled with lithological similarities. Such correlations have been 
made by A. L. du Toit and O. R. van Eeden, inter alia, and no new attempt 
will be added here. However, it appears that too much value is being attached 
at present to lithological similarities. Thus, there is a tendency to correlate 
all the old basic intrusives with the Jamestown intrusives, formations of 
arenaceous clastic sediments with the Moodies series, banded ironstone and chert 


*) Verbal communication. 
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formations with the Fig 'Tree series (as defined by van Eeden), and effusive 
rocks with the Onverwacht volcanics. 


In comparing the Moodies series in the Barberton district with sediments 
of the northern 'Transvaal it is apparent that no direct stratigraphical 
parallelism exists —no more, in fact, than between the Karroo and Transvaal 
systems. 'The great development of dolomitic rocks in the northern Transvaal 
has no counterpart in the Moodies series, excepting, perhaps, the calcareous 
guartzites of the Eureka syncline (59, p. 40); the conspicuous bands of 
duartz-magnetite rock are represented by only two minor bands of magnetic 
shale, whilst the well developed conglomerates of the Moodies series have no 
counterpart in the Soutpansberg area. 'The only similarity is found in the 
relative preponderance of arenaceous sediments in both cases. The supposed 
eguivalent of the Moodies series in the Murchison range has dolomitic rocks 
in addition to duartzite, so that the parallelism between these and the 
Soutpansberg rocks is somewhat closer; but it does not stand detailed 
comparison. 

Lithologically great differences exist between rocks of the Soutpansberg and 
Barberton districts. 'This is mainly due to the more advanced alteration of 
the former group which must be referred to a deeper zone of metamorphism. 

The Jamestown 'intrusives of the Barberton district embrace various 
serpentines and altered gabbros. In contrast to the sediments, these rocks 
have been more altered than their counterpart in the northern area. This 
must be ascribed to their distribution as essentially a border zone between the 
granite and the thick succession of sediments. 'They must have reacted 
incompetently during the deformation of the sediments and are now mainly 
represented by various basic schists. In the northern area serpentines are but 
poorly represented. 'The anorthosite formation is the main eguivalent of the 
Jamestown intrusives. No anorthosite was ever found in the Barberton area, 
but this difference is not fundamental since the anorthosites are regarded 
merely as a rhythmically diferentiated normal gabbro. 

The correlation of the Primitive systems in the northern 'Transvaal with 
the Moodies series and with the Jamestown intrusives at Barberton is adopted 


in this paper, but the uncertain grounds on which it rests should be evident 
from the foregoing resumé. 


X. HYPABYSSAL ROCKS 


At least three lithologically distinct groups of hypabyssal rocks are 
represented in the area under consideration. 'These are: 


(1) Karroo dolerites. 


(2) Pre-Karroo, post-Waterberg diabases. 
(3) Syenitic dykes. 


Diabasic sheets in the granite, as on Coenbritz 1101, Fanie 109 and 


Juliana 1084, are of uncertain age but are grouped with the post-Waterberg 
diabase on the strength of lithological similarity. 


89 
(i) Karroo Dolerites 


The name dolerite is restricted here to hypabyssal rocks with gabbroic 
affinities which are of post-Karroo age. Similar rocks of pre-Karroo age are 
referred to as diabase. 'This distinction on an age basis is unsatisfactory: but 
it has now become customary and is useful in so far as the dolerites are 
lithologically distinct from the diabases. 

Dolerites were not found in the Waterberg system, but over the rest of 
the area they form the great majority of the numerous dykes. 

The trends of the dykes show much variation, but two main elements of 
direction may be discerned, viz. east of north and north of west, the exceptions 
being about as numerous as the examples. 

The dykes are not very persistent and individual intrusions may be traced 
from a fraction of a mile up to about 5 miles. 'They are usually duite thin 
and the majority make but few outcrops on the surface. Normally the dykes 
form distinctly linear depressions which locally act as minor drainage lines 
and on which bush vegetation is generally scarce or absent. 'These depressions, 
like all linear features, are duite corspicuous on the air photographs, so that 
the tracing of dykes presents no difficulties. 'They are virtual channels of rock 
Tot in which partly or wholly decomposed doleritic material is usually found, but 
may be hidden under deep soil for considerable distances. Occasional dolerite 
dykes form minor ridges. 

The numerous dykes which do not intersect Karroo strata are grouped 
`with the dolerites on purely lithological grounds. 

The relation of the dolerite dykes. to the faults is variable. Some dykes, as 
on van der Byl 1079, apparently terminate against post-Karroo faults, but it is 
possible that their continuation has been merely hidden by superficial deposits. 
At several localities, as on Jooste 1089 and van Heerden 1116, the dykes intersect 
post-Karroo faults without suffering any displacement. Some dolerites, as on 
Wildgoose 1106, Chase 1111 and Waterkloof 1301, lie in the fault planes and 
are duite massive and unsheared. On Maseri Pan 1902 sheared doleritic 
material was found in a post-Karroo fault plane. Hence it may be concluded 
that some dolerites were intruded after the completion of post-Karroo faulting 
and that in these cases no renewal of faulting has since taken place. 'The 
dolerite dykes are popularly regarded as filling the channels along which the 
magma of the Stormberg lavas rose to the surface. 'These lavas (limburgites) 
have been shown to be older than the faulting. Hence either the faulting or 
the intrusions of dolerite must have extended over a considerable period, as 
also suggested by the variable relation of dykes to faults. 


Dolerite sills have been found at 5 localities, viz. Grootgeluk 1175, Zwart- 
fontein 1179, Jazz 1178, M'pefu Location 467 and at the two northern corner 
beacons of Drylands 389. 'The large sill at the north-western corner beacon 
of Drylands 398 is the only one of scenic significance, capping a prominent 
koppie several hundred feet high. The whole hillock is strewn with great 
masses of mainly loose dolerite blocks which ring with a loud, resonant sound 
if struck with a hammer. 'The small sill on Jazz 1178 and Zwartfontein 1179 
is a fire-grained, dark blue to black rock with a greasy lustre. Amber-coloured 
olivines can be identified with the naked eye. A thin section of this rock is 
described by Rogers (59, p. 47) as a limburgite. However, it is probably not a 
volcanie rock but a sill, oecurring in the lower Ecca series, whereas the limburgite 
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lavas overlie the Bushveld sandstones. 'The small sills on Grootgeluk 1175 and 
M'pefu Location 467 are lithologically similar to and may be directly continuous 
with the one on Jazz 1178. 

The normal dolerites are dark, bluish-grey or blue-black, fine-grained or 
aphanitie rocks in which mineral components are not always separately 
distinguishable in hand specimen. 'These are dead white Tfeldspar, black 
pyroxene and locally amber-coloured olivine. 'The rocks may be prophyritic, the 
insets being of medium-grained feldspar crystals. 'The weathered surface is 
rusty-brown or reddish-brown and rough or smooth according to the grain 
size. When porphyritic the surface may be pitted owing to the differential 
rate of weathering of phenocrysts and groundmass. 

A thin section of the thick sill at the north-western corner beacon of 
Mapani 391 reveals a slightly porphyritic, fine- to medium-grained rock 
consisting essentially of plagioclase feldspar and Dpyroxene in sub-ophitic 
intergrowth. The feldspar is mostly present as small laths about 0.2 x 0.7 mm. 
in size, whilst the insets measure 20 Xx 0.9 mm. 

The pyroxene crystals show less variation in size, measurements of average 
individuals ranging between 0.6 x 10 mm. and 0.8 x 04 mm. 'Two types of 
Dyroxene are present: the one is diopside with v/c very constant at 40” and 
2Vy 40” to 42”. 'This pyroxene is commonly twinned on (100). The other 
pyroxene is more pigeonitic and the diopside appears to have grown partly at 
its expense. 'This is evidenced by irregular remnants of pigeonite which 
extinguish simultaneously within the body of diopsidiec crystals. Very 
characteristic is a herringbone structure in pigeonites formed by two sets of 
lamellae, one on either side of a (100) twin plane. It could not be determined 
whether these lamellae are in twinned relation since they are too fine. 'The 
lamellae do not traverse the whole width of the crystals in which they 
occur, being confined mainly to the cores of the larger crystals. Generally 
they are little parallel-walled bodies arranged in crysallographic planes of the 
mother crystal, but in some crystals they are of very irregular shape. In one 
case they were seen to extinguish simultaneously with an adjacent diopsidic 
Crystal with which they are probably continuous. 'The diopside is believed to 
have been exsolved from the pigeonite to form these lamellae. 

The feldspars show much variation in composition. Albite and Carlsbad 
twins are common. One relatively large zoned crystal has a periphery with a 
composition An 76, under this is a zone with An 88 and a core with An 93 holding 
an inclusion of bytownite, An 86. The microlites are more acid, the few crystals 
measured being labradorite with a ccmposition ranging from An 65 to An 68. 


Accessory constituents are dguartz micropegmatite, biotite, apatite and 
magnetite. 


(ii) Pre-Karroo Diabasic Intrusions 


These intrusions occur mostly as sills, the main sheet lying along the 
contact of the Waterberg lavas and the upper arenaceous succession. 'This 
sill is of variable thickness, usually 100-200 feet. 'Thinner sills within the lavas 
are present, but these were not separately mapped. In the main succession 
of dguartzitic sandstones only one thin sill was found, a short distance above 
the main sill, on Punch Bowl 388. 'The diabase sills in the granite have been: 
stated to belong probably to the same generation of intrusions. 
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Allied dykes are scarce, one having been found in the Waterberg lavas in 
the extreme south-east of the area, whilst the diabase dyke running parallel 
to the syenite dyke o1 Barend 1089 may possibly be related. 

The diabases are macroscopically all very similar. They are evenly 
medium-grained rocks, usually somewhat coarser than the dolerites, and have 
a prevalent greenish-grey colour in contrast to the dark bluish-grey colour of 
the dolerites. Feldspar and a dark green amphibole can be identified with a 
lens, the feldspar being of a rather dull white to greenish-white colour. 

Microscopic study of a sample taken near the Mountain Inn shows the 
rock to consist essentially of amphibole and feldspar. Accessory constituents 
are biotite, titaniferous magnetite, a little guartz, micropegmatite and some 
myrmekite replacing feldspar. 

The feldspar is somewhat saussuritised, but still fresh enough for optical 
determination. TL is a labradorite with a composition ranging from 
An 65 to An 70. 

Al the ampbhibole is uralite, an alteration product of pyroxene, of which a 
few remnants still remain. 'The uralite consists mainly of green, pleochroic 
hornblende, . — yellowish, # — yellowish-green and y— dark green to bluish- 
green, whilst yv/c — 25”. The hornblende is present as fairly large crystals 
which are themselves partly altered to fine aggregates of another amphibole, 
probably actinolite. 


(iii) Syenite Dykes 


In the northern portion of the area are two syenitic dykes with an 
approximately east-west strike. 'The northernmost one runs from Waterkloof 1301 
to Jooste 1091, whilst the other has been traced from the national road on 
Blaauwkop 1097 up to the western portion of Zwartrand 1137. 'Trevor and 
Mellor (43, p. 24-25) refer to “a rather extensive outerop of rock which may 
be described as duartz syenite . . . . to the south of Blaauwkop on the Messina 
road”. 'This evidently relates to the dyke in dguestion. 

Rhyolites of the Lebombo type occur in the south-eastern part of 
Southern Rhodesia. B. Lightfoot (40) duotes a report by J. Bancroft to the 
effect that “numerous bodies of granite, syenite and allied rocks, the most 
extensive of which occupies a considerable area at the junction of the Sabi and 
the Lundi Rivers .. .. are intrusive into the Karroo lavas”. 

Mr7. McDonald, a ` senior student at Pretoria University, found composite 
syenitic sills in the Waterberg system near the Palala River. 'Their relation 
to the Karroo system could not be determined.”) 

The age of these dykes is not known and their relation to the dolerite 
dykes could unfortunately not be determined. Being very much altered in 
contrast to the universal freshness of the doleritic rocks, they are believed 
to be of pre-Karroo age and not related to the syenites referred to by Banecroft. 

The southernmost syenite dyke is not homogeneous but differentiated, the 
peripheral portions being distinctly diabasic whilst the central part is syenitic. 
This triple structure is maintained throughout, but since the syenitic portion 
is more resistant to weathering than the readily decomposed lateral parts, it 
tends to stand out in relief and is often the only part exposed. The northernmost 
syenitie dyke is not so differentiated, but is lithologically similar to the more 


*) Verkal communication by Prof. B. V. Lombaard. 
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basic part of the intermediate rocktypes in the southern dyke. As such it is 
not strictly a syenite, but since it has the same characteristic salmon-coloured 
feldspar as the southern dyke and runs parallel to the latter, the two intrusions. 
are undoubtedly related. 

The composite dyke is 375 feet thick where measured on Albasini, the 
syenitie portion being 105 feet thick. On Barend 1089 a total width of 350 feet 
is exposed near the homestead, the syenitic part being 100 feet thick. The 
1atter usually lies near the middle of the intrusion, so that the structure may 
be represented by XYX. 

The rock in the lateral parts oi the composite dyke is fine- to medium- 
grained, occasionally coarse-grained, and consists essentially of amphibole 
prisms and #flesh-coloured  feldspar. Since amphibole is the main constituent, 
the rock as a whole is dark grey. 'The composition of the diabasic part of the 
dyke is fairly constant except in the vicinity of the central, acid portion, for 
as the latter is approached the diabase grades into rocks intermediate in 
mineralogical composition between diabase and syenite. 'The final passage 
from this intermediate rocktype to the syenite is rapid but not abrupt. 'The 
syenite forms a body of fairly uniform composition. No chilled margins were 
found between the two main rocktypes, nor were inclusions of the one type 
seen within the body of the other. 'The process of intrusion must have been 
continuous rather than intermittent. 

Two transverse sections of the composite dyke were .sampled and thin 
sections prepared from those taken on Barend 1089. 'The thin sections are 
very disappointing since the primary minerals are much altered to secondary 
products. It was hoped that a detailed petrographic study would throw some 
light on the mode and order of intrusion of the various components, but under 
the circumstances such an investigation is not justified. 

Summarily, microscopic study reveals the following: the basic portion is 
mesotype, evenly medium-grained with hypidiomorphic texture. It consists 
predominantly of pyroxene and feldspar, both much altered. 'There is a good 
deal of micropegmatite, unusually abundant ilmenite or titaniferous magnetite, 
accessory duartz and apatite, the latter in long, slender needles. 'The pyroxene 
has been mostly transformed into amphibole, in part to chlorite, and only a 
few residues of the primary mineral are left. 'The feldspar is much altered 
to cloudy aggregates in which sericite is scarce. Some of the untwinned feldspar 
may be orthoclase, but the bulk is plagioclase of indeterminable basicity. 

The intermediate rocktype is similar in appearance to the above, but even 
more altered. No primary pyroxene is left, micropegmatite and guartz are now 
more abundant and a good deal of myrmekite is present, wWhilst the proportion 
of ore and ferro-magnesian minerals is lower. Some of the feldspars are 
zZoned, the outer parts being most altered. 

The syenitic portion is characterised by the abundance of duartz scattered 
in innumerable tiny grains through the section. 'The feldspar is altered, as in 
the other sections, and a few large, euhedral grains impart to the rock a 
somewhat porphyritic texture. Many of the larger grains and some smaller 
ones are untwinned and are probably orthoclase. The dark minerals have been 
completely chloritised. 'The titaniferous ore, which varies in sympathy with 
the basicity of the rock, is now scarce. 

Composite dykes of the type described are well known, the most classical 
examples being probably on the western isles of Scotland, notably Skye (27) 
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and Mull (5). At least a guarter of the numerous minor intrusions on Mull 
are composite and of a similar type to that described above. Bailey (5) accounts 
for the intrusion as follows: “A fissure communicating with a reservoir in 
which the liguid contents are stratified (through prior differentiation), may often 
cut the wall of the reservoir obliguely and thus offer itself as a channel of 
intrusion for both acid and basic magma. It may be expected in such a Case 
that hot basic magma would proceed much more readily along a cold fissure 
than relatively cool acid magma. Once basic magma has prepared the way, 
acid magma can easily follow; field experience teaches that acid magma under 
hot subterranean conditions is extremely mobile, whereas under the conditions 
which generally attend the progress of lava-flows it is notoriously viscous.” 
Bailey's view would fit the facts. 'The northernmost dyke on Waterkloof 1301 
is an injection from the same magma reservoir and, being of intermediate to 
basic composition, its presence favours the prior intrusion of the basic 
components. 
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ABSTRACT 


Some 100 sduare miles, lying to the north of Vanrhynsdorp has 
been geologically mapped and described. 'This area comprises an almost 
flat, soil-covered part of the Knersvlakte in the east and south-east, and 
a hilly part— the Hardeveld — in the west and north. 

The two main drainage systems, the Geelbeks and the Swart 
Doorn-Hartbees, show evidence of subseguent stream development. 

Only rocks of the Basement Oomplex and of the Nama system, 
together with a few dolerite dykes, are represented. 'The Basement 
consists of Namadgualand granite with floats and roof pendants of 
Primitive rocks, probably belonging to the Kaaien series of the Kheis 
system. 'The latter rocks, which are mainly of an arenaceous nature, 
had undergone a regional metamorphism on which was superposed a 
therma] metamorphic effect, probably induced by the intrusion of the 
noritie rocks in pre-granite times. 'The metamorphic rock-types, 
hornfeises, gneisses and schists are described petrographically, and the 
dissociation of garnet and the resultant formation of garnet-spinel 
symplektite under the influence of thermal metamorphism are 
discussed. 

The Namadgualand granite is a leuco-granite. 'Two new chemical 
analyses are ijincluded. A study of the microcline and orthoclase 
perthites was made and the exsolution nature of the perthite resulting 
from a parent K-Na-feldspar of the approximate composition - of 
Or,, Ab,, was established. 'The oligoclase forming only from 8% to 16% 
by volume of the granite often replaces potash feldspar giving rise to 
albitiec rims associated with a small proportion of duartz myrmekite on 
the borders of the oligoclase crystals. 

The correlation of the Namadualand granite with the Cape granite 
is untenable and from the stratigraphic evidence, the former is definitely 
older than the Nama formation. 

The granite has in places invaded the country rock in lit-par-lit 
fashion, resulting in hybrid rocks as seen at Bitterfontein and Geelputs. 
The hybridisation was in the nature of mechanical injection and very 
little assimilation took place. Deductions concerning contamination of 
the granite by the incorporation of. country rock, based on chemical 
analyses only, are criticised. 

'The Nama sediments are unfossiliferous and rest unconformably on 
the Basement rocks. 'The succession is subdivided into the Nuwerus 
series, the local eguivalent of the Kuibis series, and the Schwarzkalk 
series, which now replaces the earlier terms Malmesbury and Ibiguas 


series. Since there is no break in the deposition of the upper Nama 
of this area, and as the conglomerates and grits of the Byzondermeid— 
Breektand sector, formerly taken as typical of the unconformable base 
of the “Ibiguas series”, are now considered as the normal second 
arenaceous phase of the Schwarzkalk of this area, the term “Ibiduas 
series” is abandoned. 

The main structural features consist of the major N-S strike faults 
(Groot Riet, Langdam, Guaap and Tafelberg), having downthrows up to 
a maximum of 3,000 ft. toward the landward side, and a zone of 
transverse dip faultins. 'The faulting is probably of Dwyka age and 
occurred mainly parallel to the axes of pre-existing pitching anticlines 
and synclines of the so-called Nama foldings. It is suggested that ihe 
faulting originated in a zone of tension between the sinking western 
flank of the Karroo geosyncline and a more stable area along the 
Cedarberg—Kamiesberg axis. 

The dolerites are younger than the Schwarzkalk series and on 
petrographical grounds they are considered to be the same as the 
Western Province dolerites. One of these, the Houmoed dyke, may be 
of Karroo age. 

An analysis of a hornblende gabbro, occurring near Nuwerus, and 
which is younger than the Namadgualand granite, is given. It is 
compared on chemical grounds with certain so-called diorites of the 
Copper bearing region of Namagualand. 
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1. INTRODUCTION 


Since 1939 research work on, and the large scale mapping of, the Malmesbury 
series of the Western Province, has been conducted by post-graduate students 
of this department. As the sedimentary rocks of the faulted area south of 
Kamiesberg and north of Nuwerus, believed to represent the northern extremity 
of the Malmesbury series of the South-Western Districts, have received relatively 
little attention in the past, a detailed investigation was deemed necessary for 
establishing the stratigraphic seguence and for purposes of correlation as well 
as for unravelling the structure of that area. 

During January, 1942, the author visited the area for a few weeks and 
was mainly engaged in collecting specimens, especially of the metamorphic 
rocks in the vicinity of Bitterfontein. He revisited the area during the June 
vacation of that year and commenced mapping around the village of Nuwerus. 
During the winter months — April to September — of 1943, the fieldwork was 
completed. 

In the field a scale of 2.13 inches to the mile was employed, but the 
field map was subseguently reduced to a scale of 1: 72,000. 

The region surveyed, covers an area of 20 x 40 sduare miles situated between 
parallels 18* 12 and 18* 33' Lo.E., and 30” 40 and 31” 18' La.S. Geographically 
speaking it comprises a strip of country stretching northwards from Rooiberg 
(Flaminkberg), in the Vanrhynsdorp division, towards the farms Draaihoek and 
Groot Riet (the latter falling within the Namadgualand division) at the southern 
end of the Kamiesberg mountain land. On the east it is bounded by the 
northward extension of the Knersvlakte, while the western boundary of this 
area is a N-S line through a point just west of Bitterfontein, the terminus of 
the Cape—Namadualand railway. 

The present area seems to have been neglected by pioneer workers of the 
previous century —E. J. Dunn, A. Wyley and others (cf. A. W. Rogers (57) *) p. 311. 
The southern part of this area, that is south of Bitterfontein, was mapped and 
described for the first time by A. W. Rogers (54), who in 1904 published a short 
report on the “Geological Survey of the North-Western part of Van Rhynsdorp”. 
The most important remarks made by him regarding the geology of this area 
may be summarised as follows. In the first place he stated that “the oldest 
rocks probably belong to the Malmesbury series, and they are continuous with 
the beds of that group described in the Report dealing with the country south 
of the Olifants River” (54, p. 19). In the second place he expresses the opinion 
that the greater part of the Knersvlakte is underlain by beds of Ibiguas series 
which is younger than the Malmesbury series, and furthermore states that it 
is likely that the boundary between the two is an overthrusted unconformity. 
The granite exposed in that area which is part of the huge granite mass of 
the North-Western Districts, was considered to be intrusive in the Malmesbury 


*) The numbers in brackets refer to the Bibliography, p. 219. 
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series, but to be older than the lIbiguas series. 'To the group of coarse 
sedimentaries in the vicinity of the village of Nuwerus”) the name Nuwerus 
series was given. 'This series was supposed to be younger than the Malmesbury, 
$he granite and the Ibiguas, resting unconformably on Ibiguas beds. 

In 1911 Maj. J. G. W. Leipoldt (37, p. 20) gave descriptions of the 
sedimentary rocks near Steinkopf. And in a private communication to 
Dr. Rogers (cf. 56, p. 9) he pointed out that a strong resemblance existed 
between the lower part of the Steinkopf beds and the Nuwerus series, as well 
as between the upper Steinkopf beds and the Ibiguas series of the Knersvlakte. 
He therefore suggested that the unconformity between the Ibiguas and Nuwerus 
series postulated by A. W. Rogers did not exist and that the fact that the 
Nuwerus appeared to be younger than the Ibiguas could be explained by 
faulting. 

A survey of parts of the Vanrhynsdorp and Namagualand divisions including 
the area now under consideration, was conducted by A. W. Rogers in 1911. He 
found J. G. W. Leipoldts suggestion to be duite correct and that instead of 
the Nuwerus series being younger than the Ibiguas and Malmesbury, it was 
found that the true order of the sedimentary succession should be: Nuwerus 
series, followed concordantly by the Malmesbury series and the latter discordantly 
by the Ibiguas beds. 'This sedimentary succession he supposed to be the 
eduivalent to the Nama system of South-West Africa. Another important 
outcome of that survey was the recognition of — to duote his own words — “two 
granitic gneiss masses in the area, one of which is older than. the Nama 
formation and the other younger than the Malmesbury series, but whether it 
is also younger than the Ibiduas is not known” (cf. 56, p. 10). 

Furthermore this Report (56) furnishes us with a general description of 
the physiographic and structural features of the area, and also of the rock-types 
constituting the various sedimentary units. Aftention was paid also to the 
petrography of the granite and pre-granitic metamorphic rocks. 
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II. PHYSICAL FEATURES 
RAINFALL AND VEGETATION 


This area, being part of the coastal belt of the north-western Cape 
Province, falls within the winter rainfall area. 'The mean annual rainfall, 
however, is rather low, about 5.7 inches. 

On the whole the Hardeveld supports a poor vegetation consisting mainly 
of short shrubs of various species of Mesembryanthemum, Kraalbos (Galenia 
Africana), Gannabos (Salsola) and Melkbos (Euphorbia Sp.), while further north 
on Groot Riet and Modderfontein the beds of the Swart Doorn River, the 
Hartbees and some of their tributaries are thickly grown with thora trees. 'The 
Kokerboom (Aloe dichotoma), a characteristic plant of the Namadualand 
district. makes its first appearance on the guartzitic ridges of the Nuwerus 
series north-east of Kwanous. The Knersvlakte portion of the area, which has 
a still lower rainfall, is indeed very poorly vegetated, and in the dry summer 
some of the low hills profusely strewn with guartz vein fragments (tkoeroe-klip 
in local usage) are almost devoid of vegetation. 


PHYSIOGRAPHY AND DRAINAGE 


Physiographically the area forms part of an undulating region locally termed 
the Hardeveld. Westwards this hilly country slowly merges into the Sandveld, 
which is a prolongation of the flat sandy coastal belt found in Piketberg and 
Clanwilliam districts. In the east and south-east the area is bounded, partly 
along definite fault planes, by the sandy and clayey flats of the Knersvlakte, a 
very significant physiographic feature of the Vanrhynsdorp district. 

From south to north the area increases steadily in height above sea level. 
The Nuweruskop trigonometrical beacon is situated 1,806 ft. above sea level, while 
Tafelberg in the north-eastern corner of the area rises to just below 3,000 ft. 
North oi the area the ground rises more rapidly in height . towards the 
Kamiesberge. 'The Knersvlakte which is a relatively young erosional feature 
(cf. A. W. Rogers (56)), slopes steadily from north to south, falling 600 ft. in 
about 50 miles. 

When one approaches the area jrom Vanrhynsdorp over the barren 
stretches of the Knersvlakte the first prominent hills seen are those of the 
Flaminkberge — the trigonometrical beacon situated on its highest peak is 
called Rooiberg. 'These hills consist of rocks of the Nuwerus series and form 
gentle dipslopes to the south where they disappear under the Schwarzkalk 
shales of the Knersvlakte. Just to the east of the main road runs a fairly 
high and steep white vein duartz ridge, striking in the direction of Kitsberg, the 
highest point in the vicinity of Nuwerus. 'These ridges of vein duartz are 
characteristic of this vicinity but none of them is so conspicuous as this, which 
occupies the plane of the Flaminkberg fault. 

Between the Flaminkberge and Nuwerus a fairly broad belt of gneissic 
granite capped by outliers of Nuwerus rocks, exists between the Nieuwoudts 
Nauwte fault in the east and the Flaminkberg and Nuwerus faults in the 
west. Several prominent ridges built of Nuwerus sediments, like Kitsberg, 
Karreeberg and Nuweruskop, are found within this belt. 
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Between Roodeberg and Bitterfontein low brownish ridges, striking east-west 
and consisting of rocks of the Primitive system cut of in the east by the 
Nieuwoudts Nauwte fault, are encountered. 

West of these hills built of Nuwerus guartzites and rocks of the Primitive 
system. gneissic granite, and to a lesser extent, also metamorphic rocks are 
exposed forming rounded hills with bare crests due to exfoliation. Roodeberg 
just north of the village of Nuwerus, is a good example of such a round 
hill. In between these craggy hills the surface is covered by a reddish sandy 
soil supporting the typical Namadualand vegetation. 

In the north-eastern part of the area, it will be observed that the 
Knersvlakte plain dies out north-eastwards and the physiography becomes 
dominated by three morth-south trending parallel ridges resulting from the 
structure of that area. 

The first of these ridges some 20 miles in length begins at the hill locally 
pamed Toontjieskop on which the trigonometrical beacon of Rhebok is situated, 
and it continues northward as far as Groot Riet beyond which it merges with 
the high-lying mountainous country and thus loses individual significance. 

The second one, which may be called the Guaap—Gannabos ridge, can be 
followed from the trigonometrical beacon of Breektand, on the edge of the 
Knersvlakte, past “Guaap se berg” and (Gannabosberg, two conspicuous 
prominences bearing trigonometrical beacons. It disappears a few miles north 
of the latter locality. j 

The third ridge is only topographically prominent in the. vicinity of 
Hoedkop. Northwards it dies out in the direction of Draaihoek and southwards 
it disappears on the Knersvlakte at Hartseerkop.”) 

Tafelberg, built up of granite with dipslopes of Nuwerus rocks, constitutes a 
short ridge striking in the same general direction as the other three. 

The physiography of these ridges is assumed to be intimately related to and 
considered a consedguence of the earth movements which took place in this 
area. Major normal strike faulting followed on gentle folding (see Chapter IX), 
so that the ruptures occurred mainly on the western flanks of the synclines. As 
the throw of these faults was presumably greater in the portion north of the 
Knersvlakte, the soft Schwarzkalk shales in the synclines were brought down 
against the resistant granite and rocks of the Primitive system which now form 
ridges on the sites of pre-existing anticlines. 

Invariably therefore these granitic ridges are bounded on their eastern side 
by a major fault; and on their western side by westward dipping rocks of 
the Nuwerus series, which disappear below the Schwarzkalk shales. 

The low ground or valleys between these ridges is generally occupied by 
soil-covered Schwarzkalk rocks. Tt is only in the vicinity of the farms 
Elandshoorn and Putsie, where the shales are intercalated with lenses of 
conglomerate, and in the Aronegas—Groot Riet sector and to a lesser extent 
also at Modderfontein and south of Draaihoek where sandstone horizons are 
well-developed, that the Schwarzkalk series gives rise to moderately hilly 
country. 

To the west of this area of granitic ridges with low-lying strips of Nama 
in between, that is west of the Groot Riet fault, a hilly country of granite is 


*) Hartseerkop is a little koppie on which a trigonometrical beacon is situated. Tt 
lies on the border of the Knersvlakte, beyond the S.E. boundary of the mapped area. 
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found, increasing in height northward from Uitspanberg across the farms of 
Groot Riet and Tweefontein towards Roodeberg near Garies, one of the highest 
prominences of the Kamiesberg mountain land. 

From the map it is evident that the two main drainage systems of this area 
are those of the Geelbeks and Swart Doorn—Hartbees Rivers. 'The Geelbeks 
River with a rather large catchment basin drains southward into the Zout River 
which again flows into the Hol River, an important tributary of the Olifants. 
The Hartbees is a tributary to the Swart Doorn, which on its course further 
westward to the Atlantic joins the Groen River. 'This river system drains the 
northern and north-western portion of the area. 

The small system of Kwanous and Eenkoker flows in a westerly direction 
but beyond Eenkoker it turns north, also to join the Swart Doorn. 'The small 
streams of Elandshoogte finally flow into the Salt River,*) a small river running 
westward to the Atlantic, while those tributaries of Nuwerus and Witput 
eventually join the Zout River. j 

The whole drainage system of this area is evidently younger than the 
faulting, and its evolution is directly related to the underlying rock structures 
and affords an excellent example of subseduent stream development. The two 
chief river systems may now be discussed in view of this fact. 

At Geelputs the Swart Doorn River has been swung through 90” from its 
westward course and follows the Groot Riet fault northward for about two 
miles. Then it breaks across the fault plane and follows more or less the axis 
of the syncline of Nama rocks. North of Groot Riet it again follows a rather 
straight course presumably on the continuation of the Groot Riet fault. A 
tributary of the Swart Doorn is also seen to follow the Langdam fault plane 
into the granite country north of Modderfontein. From the Groot Riet fault 
to a little east of Gannabos, the Hartbees River, and to the east also its 
Volstruisfontein tributary, are essentially controlled by what has been called 
the Aronegas—Volstruisfontein zone of transverse faulting (cf. p. 208). 

The course of the main stream of the Hartbees River north-east of 
Gannabos as far as Draaihoek, has probably been directed by the jointing in 
the granite, but north of the latter farm its course is again controlled by the 
major strike faulting, an effect which is visible far into the Kamiesberg 
mountain land. 

The Geelbeks River system has likewise been infiuenced by the structure, 
but here the tendency to follow fault planes closely, is not so well observed. One 
probable reason for this is the fact that the fault planes in the drainage basin 
of the Geelbeks River are usually occupied by resistant veins of guartz. 'This 
river has evolved on the soft Schwarzkalk rocks of the Knersvlakte and its 
tributaries are seen to follow the axes of the synclines of soft Nama rocks in 
a subseguent manner. Only the tributary in the vicinity of Elandshoorn follows 
the plane of the Guaap fault rather closely. 'The tributaries of the Geelbeks 
River between Flaminkberg and Houmoed, which all flow eastward across the 
Nieuwoudts Nauwte fault, may be called obseguent faultline scarp tributaries. 

The subseguent nature of the streams in this area is also shown by the 
way ir which the small stream running through Nuwerus in a southerly 
direction flows in the little graben of Witputs between the two strike faults. 


*) 'Termed so by A. W. Rogers (54, p. 11) to distinguish it from the Zout River of 
the Knersvlakte, a tributary of the Hol River. Locally they are both called “Zout Rivier”, 
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The effect of jointing on the evolution of the streams is very conspicuous 
especially in the Breektand—Byzondermeid tributary of the Geelbeks River. This 
stream is characterised by nearly right angular turns caused by the prominent 
strike and dip joints, which are especially well developed in the arenaceous 
lenses of the Schwarzkalk series in this sector. Another fine example of the 
infiuence of jointing is seen due east of Elandshoorn where a small mountain 
stream, a tributary of the Breektand—Byzondermeid stream, has cut a straight 
gorge about 50 ft. deep on an E.-W. dip joint plane in the Nuwerus series. From 
its right angular confiuence with the main stream it can be followed up the 
mountain side between shear walls of duartzite for a few hundred yards, before 
it suddenly turns round at an angle of almost ninety degrees to follow the 
direction of strike jointing. 


HI. LIST OF GEOLOGICAL FORMATIONS AND 
GENERAL GEOLOGY 
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The southern portion of this area is occupied by erosional remnants of the 
gently folded or almost flat-lying rocks of the Nama system, especially the 
Nuwerus series resting unconformably 07% a platform of gneissic granite. 'This 
gneissic granite is part of the granitic body cropping out over the greater part 
of the north-western Cape Province from the Orange to the Olifants River, and 
also covering large portions of the Kenhardt and Calvinia divisions. 

Occurring as floats within the granite, are pre-granitic rocks, sometimes 
highly metamorphosed, which are believed to belong to the Kaaien series of 
the Kheis system. 'They occur as strips usually parallel to the direction of 
foliation in the granite, and build low ridges within the granite country, 
especially in the area between Kleinfontein and Houmoed. 

The Nama system, consisting of the mainly arenaceous Nuwerus series and 
the Schwarzkalk series, which on the other hand is chiefly argillaceous, is 
preserved in the four faulted segments south of Kamiesberg and in the 
Eenkoker outlier. 'The soil-covered Knersvlakte is also underlain by soft rocks 
of the Schwarzkalk series. 

This is therefore an old surface in the geological sense, as the youngest 
sedimentary rocks — bar surface deposits of course — belong to the Schwarzkalk 
series, the formation of which probably dates back to Cambrian or pre-Cambrian 
times. 'This factor, though it is beneficial in so far as it causes Nama rocks 
to be well exposed for investigation, creates difficulties in the unravelling of the 
geological history of the north-western Cape. 


IV. THE PRIMITIVE OR KHEIS SYSTEM 


Sedimentary rocks, which may be sheared, associated with metamorphic 
rocks of varying character, and also basic intrusive rocks, constitute the 
Primitive system which occupies fairly large tracts of country in the area 
surveyed. 

These rocks are older than both the Namadualand granite and the old 
granite, and therefore constitute the oldest known rocks of the Basement. As 
it is difficult to correlate the fragments of these older rocks in different parts 
of the country, the general name Primitive system is here applied in the sense 
as suggested by A. L. du Toit (15, 1Ist Ed). Subseduently evidence will be given 
for a probable correlation of these rocks with the Kaaien division of the 
Kheis system. 

The less metamorphosed sedimentary rocks include types like the following: 
sheared feldspathic sandstones and duartzites, sheared arkoses and feldspathic 
conglomerates, less altered pure duartzites, etc. 

In hand specimen these rocks, especially the less sheared varieties, are not 
always easily distinguishable from the ordinary feldspathic rock-types of the 
Nuwerus series. 'This striking similarity between the feldspathic members of 
the Primitive system and Nuwerus series has in several instances led 
A. W. Rogers to map as Nuwerus series, certain rocks which the writer has 
decided to class with the pre-granitic rocks on field and structural evidence 
(cf. Guaap occurrence, p. 111). 

These rock-types are all relatively weather resisting and build fairly 
prominent hills and ridges, for example the hill on which the trigonometrical 
beacon of Guaap is situated. 
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The highly metamorphic members of the system consisting of various 
gneisses, schists and hornfelses, and the accompanying basic intrusives, usually 
OCccupy relatively lower ground, creating valleys in between the ridges constituted 
by the sheared sedimentaries, as for example near Kleinfontein and 
Bitterfontein. 'Though this is generally the case, the bare reddish hills west 
of Bitterfontein railway station consist chiefly of metamorphic gneisses, dark 
hiornfelses, etc. 

These ridges and hills of Primitive system rocks usually trend east-west, a 
direction coinciding with that of the planar elements of the granite. Owing 
to the soil cover which is usually thicker on the low-lying ground underlain 
by the metamorphic types, the actual contact between granite and metamorphics 
was seldom observed. North-west of Houmoed, however, streaks or lenses of 
gneissiec rock were found within the granite, occupying the low ground between 
two E-W striking duartzitie ridges of the pre-granitic type. Streaks of the 
gneiss 1 ft. wide are interlayered with strips of a porphyritic granite 3 ft. wide. 
In a small granite koppie several hundred yards from this occurrence the 
foliation of the granite is not very pronounced, but as the contact with the 
gneiss is approached, a perfect parallelism of the feldspar crystals is to be 
observed along it. 

Another occurrence suggesting the intrusive relation of the Namadgualand 
granite to the sedimentary series now under discussion was found in the ridge 
north of Hartseerkop. Here a pink pegmatite was found intrusive into a slightly 
greyish almost pure duartzite. A thin section was prepared of a specimen 
from this contact. 'The microscope reveals a sharp junction between the 
pegmatite and the duartzite. The pegmatite consists essentially of duartz 
with smaller grains of a clouded plagioclase, of composition Ab,, An. In the 
duartzite a few grains of albite and a fair amount of epidote were observed. 

Conclusive evidence of the greater age of the sedimentary formation is 
further provided by the occurrence of sedimentary and metamorphic xenoliths 
at various localities within the granite. 

Whenever dip measurements could be made on the sediments, the dips 
registered on the bedding planes of the unsheared sediments were found to 
correspond closely both in direction and amount with those on shear planes 
of the sheared sedimentary rocks associated with the former type. For example, 
in the succession south of Guaap it was observed that in the dguartzites and 
feldspathic duartzites in the vicinity of the farm beacon, about two miles from 
the granite contact at Breektand trigonometrical beacon, the bedding planes 
appear to maintain the same dip and strike as the shear planes in the rocks 
nearer to the intrusive boundary. 'This indicates that the shearing observed 
in the sheared sediments occurred parallel or almost parallel to the original 
bedding planes. 

In most of the metamorphic types, e.g. the gneisses, schists and some of 
the granulites, a more or less distinct foliation or banding was observed. 'The 
amount and direction of dip of the foliation in these rocks was also found to 
agree perfectly well with those values obtained on bedded and sheared 
structures in the neighbouring sediments. 'The foliation, therefore, seems to 
be a direct conseguence of the original bedding. Microscopic study of 
metamorphic rocks reveals that the foliation is due to a difference in the 
mineralogical composition of the different layers, bearing out the fact that the 
foliation coincides with the bedded structure in the original sediment. 
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The foliation in the para-gneisses as well as the shear direction and bedded 
structure in the sediments were found to show a regional parallelism, apparent 
even in the case of isolated outcrops, With the platy flow structures of the 
intrusive granite. It would appear, therefore, that the intrusion of the granite 
batholith was guided by the pre-existing structures of the intruded formation. 

On the accompanying geological map the rocks of the Primitive system 
were subdivided into sheared conglomerates, sheared feldspathic grits, etc, on 
the one hand, and metamorphic rocks like gneisses, schists, etc. on the other. 
As they are, however, so intimately associated in the field, their petrologic 
features may conveniently be treated together. 


DESCRIPTIVE  PETROLOGY OF THE ROCKS OF 'THE 
PRIMITIVE OR KHEIS SYSTEM 


(a) Kleinfontein—Bitterfontein Area 


The greatest areal development of pre-granitie rocks is encountered between 
Kleinfontein and Bitterfontein. 'They occupy a broad east-west trending 
belt, abutting against rocks of the Nama formation along the Nieuwoudts Nauwte 
and Nuwerus faults in the east. 

South of Bitterfontein trigonometrical beacon the sheared sediments occur 
as three strips within this belt of pre-granitic rocks. 'The middle and 
northernmost of these form conspicuous ridges in the low soil-covered ground. 
The rocks building these ridges are mainly sheared grits, sheared feldspathic 
duartzites and conglomerates. 'The more weathered samples of these feldspathic. 
duartzites are of an orange-brownish colour, but the colour is lighter in the 
fresher specimens. The weathered feldspathic material of the original sediment 
has been partly altered to a shiny, dirty white micaceous product, sericite, which 
envelopes the duartz fragments. 'The conglomerates consist of milk white shiny 
vein duartz pebbles up to one inch in length packed in an orange-brown clayey 
matrix. 'The latter also shows signs of incipient sericitisation. 

Minor duartz veins are seen to traverse the sediments in the middle ridge 
in a N.W.-S.E. direction. 'These are probably genetically related to the duartz 
veins following the major fault planes of this area. The dips in the sediments 
are steep in a northerly direction though the angle of dip is subject to 
variation. Values ranging from 40” to 75” have been recorded. In the northern 
ridge the dips are also steep, but the angle of inclination tends to be more 
constant, ranging from 60” to 70`N. The rock-types are essentially the same 
as was found in the middle ridge, but when this ridge is followed eastwards 
towards Nieuwoudts Nauwte it increases in height and at its peak unsheared 
blue feldspathic guartzites are involved in a N-S trending open folded structure 
parallel to the Nieuwoudts Nauwte fault. 'The nature of these latter rocks as 
well as their structure suggest that they belong to the Nuwerus series. 'The 
position of the unconformable contact between the two rock series could not 
be accurately determined in the field. 'To the west of the Nuwerus fault this 
N-S trending structure could also be discerned as a slight cross folding in the 
pre-granitic rocks of the ridge. 

Just south of the middle ridge in the valley of a small tributary stream 
fiowing towards Nieuwoudts Nauwte, greenish banded gneisses and schists 
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dipping concordantly with the sedimentaries just described, are to be seen. They 
consist of alternating bands of dull greenish and pale pinkish to white 
materials. On weathered surfaces the banding is very distinct owing to the 
difference in weather resisting properties of the different layers. 'The same 
rock-type is exposed in the soil-covered flat between the middle and the 
northern ridges. Here the banding is less distinct and in some outcrops the 
rock is of a uniformly green colour. lIntimately associated with and intrusive 
into these greenish gneisses, pinkish pegmatitie material is seen more or less 
parallel to the foliation of the gneiss. From this it was concluded that the 
fine pink bands within the greenish gneiss previously mentioned, were no doubt 
of the same pegmatitic or granitic material. 'The microscope reveals that the 
pinkish bands consist almost entirely of duartz and a potash feldspar. 'The 
dark bands consist of oligoclase, duartz, microcline and mafic minerals. 'The 
chief mafic constituents are hornblende and epidote with or without biotite. 

Northwards of these gneisses, extremely friable weathered biotite schists are 
found in the soft clayey soil. 'These are too highly weathered to permit thin 
sectioning. 

The area between the northern ridge and the Bitterfontein trigonometrical 
beacon and also the country around the railway station are almost exclusively 
occupied by metamorphic para-gneisses. South of the beacon the characteristic 
rock-types are greyish biotite gneisses. The biotite content may vary, and 
rocks grading from a light grey, almost white, very dguartz-rich gneiss to dark 
greyish black gneisses rich in biotite are found. 


In the light grey types the biotite is present as sparsely scattered clots. 'The 
bulk of these rocks, however, consists of duartz followed in order of abundance 
by microcline and oligoclase. The biotite appears very dark in this section 
owing to the abundance of sagenite it contains. Hornblende may enter in some 
of these rocks as a subordinate constituent. Jn general the foliation of these 
rocks is much less pronounced than that of the greenish gneisses and schists 
previously discussed. 


Among these gneisses, bands of a fine-grained shiny greyish-green granulite 
have been found in which sparsely scattered green hornblende is the only mafic i 
mineral. The constituent minerals, duartz, oligoclase and hornblende, named 
in order of abundance, are arranged in typical granulitic fashion [cf. W. W. Watts 
and others (78, p. 140) ], while the gneisses which are usually fine- to medium- 
grained exhibit various grades of xenoblastic (31, Vol. I, p. 209 and 232) texture. 
sometimes also approaching the granulitic. 

Associated with these rocks south of the beacon an occasional weathered 
pegmatite vein has been found parallel to the foliation of the gneiss. G@uite 
abundant rusty brown garnets were seen in the pegmatite and in the gneiss 
in its immediate neighbourhood. It is, however, remarkable that only one or 
two small pinkish garnets have been detected in a thin section from only one 
of the ordinary gneisses. 

The metamorphic rocks around Bitterfontein railway station ocEEuUrring as 
a broad E-W. belt within the granite, cannot be divided into different zones of 
metamorphism with respect to the granite contacts. 'There is apparently no 
relation between the grade of metamorphism attained in a rock and its distance 
from the granite contact, a fact which suggests that the granite was not 
responsible for the metamorphism. Differences in the type of metamorphic 
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rock produced are probably mainly related to the original constitution of the 
pre-existing sedimentary rock. A detailed discussion on the metamorphism, 
however, will follow later (Chapter VD. 

In making a traverse from the granite koppies, south-west of the station. 
across the strike of these rocks, more or less parallel bands or lenses of diverse 
metamorphic rock-types, which in most cases are not sharply demarcated but 
gradational, have been encountered. In most of these rocks a directional 
structure, a foliation, parallel to that of the gneissic granite has been observed. 
Characteristic among the rocks found near the southern granite contact are 
fine-grained dark grey biotite gneisses as well as finely banded green 
hornblende-epidote rocks, to which the general name schist may be applied. 
These are practically of the same type as the greenish gneisses and schists 
already described, and show the same signs of injection by pinkish granitic 
material. 

In the immediate vicinity of the village of Bitterfontein a fairly thick layer 
of soil covers the surface, so that a continuous succession of outcrops from south 
to north is not available. 

The reddish hill west of the station consists of whitish and greyish 
gneisses and peculiar coarse-grained gneisses of a high metamorphic grade as 
evidenced by the appearance of the mineral sillimanite. 'The former type is 
not very different from the duartz-rich gneisses already described. Apart from 
duartz and some feldspar, they may also contain an occasional grain of altered 
cordierite and a few creamy pink garnets. In hand specimen the former type 
of rock exhibits porphyroblasts of shiny greyish-black cordierites up to one inch 
in length in a yellowish-brown groundmass in which fairly large pink garnets 
could also be detected. In some of the gneisses, biotite is an important 
constituent in hand specimen. These rocks show a crude foliation which 
conforms with that of the granite to the south. 

Near the northern granite contact a dark greyish-black rock of a somewhat 
Sugary appearance was seen to crop out in a soil-covered valley within the 
belt of gneisses probably parallel to the strike of the latter. 'The rock proved 
to be of basic intrusive origin and consists of basic plagioclase and hornblende 
constituting a granulitic matrix holding large phenocrysts of hypersthene, which 
appear as large shiny patches in hand specimen. 'This may be called a 
granulitic hornblende norite. 


(b) Area North of Houmoed and West of the Groot Riet Fault 


In this area outcrops of the sheared sedimentary rocks are most commonly 
found. Metamorphic rocks, showing features of special significance, are found 
only locally; most of these are, however, easily weathered and thus to a great 
extent covered by soil. The sheared feldspathic dguartzites and arkoses occurring 
as E-W ridges between the main road in the west and the Groot Riet fault in 
the east, yield fairly distinct topographic forms just north-west of the Houmoed 
farm-houses. 'These outcrops are furthermore traversed in a northerly direction 
by the prolongation of the Nieuwoudts Nauwte fault which is here characterised 
by a very conspicuous duartz vein zone. 

In the northern ridge the dip of the sedimentary rocks is from 40” to 50” 
in a northerly direction, while in the southern one the dips are steeper, and 
against their southern contact with the granite the sediments tend to be 
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vertically inclined. So also in the portion between the two faults, the sheared 
rocks of the Primitive system are almost vertically inclined at their contact 
with the Schwarzkalk shales along the Groot Riet fault. 

The rock-types usually encountered in this sedimentary series are yellowish 
feldspathic duartzites with well developed closely spaced jointing. 'Two almost 
vertical sets were seen, striking approsimately E.N.E. and W.N.W. with an angle 
of 110” between the two directions. 

In the northern ridge the rock-types are of the same nature except that 
the original sediment probably was pure duartz sand. Some bands were found 
to be pure recrystallised duartzite consisting of alternating layers of darker 
and lighter coloured duartz, with little streaks of magnetite parallel to the 
layering. Here also it is evident that the foliation induced by the process of 
metamorphism coincides with the bedding planes of the original sediment. 

Just north of the southern ridge and west of the main road the 
para-gneisses forming streaks within a porphyritic granite were found. 'This 
occurrence has already been mentioned '(p. 106). On weathered surfaces the 
metamorphic rock exhibits layering of its constituent minerals especially 
brought out by what appears to be trains of mafic minerals. In a thin section 
cut from this rock the microscope does not reveal any well defined directional 
texture of the dark minerals, and it would appear that the foliation was, to a 
large extent, caused by an original layered or bedded structure of the 
pre-existing material. 'This rock consists of a .granoblastic aggregate of 
plagioclase, varying in composition from andesine to acid labradorite, duartz 
and mafic minerals, among which uralitic hornblende fringed by granules of 
epidotfe is the most important. It would appear, however, that a pyroxene, now 
only seen occasionally as weathered cores in the uralite, was the original mafic 
constituent. 'Though it is difficult to determine whether this rock had originally 
been an intrusive or a sedimentary rock, a rock of undoubted igneous origin 
was found just west of the northern duartzitic ridge in a cutting of the 
national road. It consists essentially of plagioclase (An,,), little altered augite 
and some iron ore; dguartz is absent. Tt is of medium grain and shows a 
poorly developed banding in hand specimen. In the same cutting also, a 
medium-grained light coloured gneiss consisting of a granoblastiec aggregate of 
microcline, duartz and acid oligoclase was found in close proximity to the 
above-mentioned rock. 

North of the northern ridge the surface is soil-covered, but from the floats 
ix) the soil it was concluded that it is underlain by easily weathered metamorphic 
rocks like biotite schists. 


(ce) Guaap—Breektand Occurrence 


Outerops oi Primitive rocks occur between two almost parallel faults from 
near Breektand trigonometrical beacon in the south, northwards past Guaap 
trigonometrical beacon. In the south these rocks only form a low ridge between 
the flat country of Schwarzkalk shales on the throw sides of both faults. 
Northward this strip of older rocks becomes increasingly higher culminating 
in a jairly prominent peak on which the trigonometrical beacon of Guaap 
is situated. 

This outcrop consists essentially of a continuous north dipping series of 
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sedimentary rocks. 'The absence of the more highly metamorphic types, such 
as have for example been described from the Bitterfontein area, is noteworthy. 

In the little stream bed just east of the farm-house of Graafwater, the 
older rocks are well exposed and consist of sheared arkosic sediments, and sheared 
slightly feldspathic dguartzites of a greyish or orange-brown colour. 'These 
sediments dip northwards at fairly steep angles, sometimes up to TO”. 

On the western bank of this little stream in the immediate vicinity of the 
farm-house, pebbly grits and almost feldspar-free greenish duartzites were 
found striking approximately north-west and dipping south-west at an angle 
of about 15”. 'These rocks, although not much different from the former types 
in hand specimen, evidently belong to the Nuwerus series. 'This locality affords 
one of the best exposures of the unconformity of dip and strike existing between 
the Primitive system and the Nuwerus series in the area under discussion. 

On the hill on which the farm beacon is situated, the rocks of the Primitive 
system are again well exposed, showing greenish to pinkish feldspar-free 
dguartzites, feldspathic duartzites as well as thin shaly layers, still striking 
concordantly with the rocks to the south of it. 

Guaap ridge is mainly constituted of sheared feldspathic grits and dguartzites 
of a vellowish-brown colour. 

The dip of these Primitive rocks decreases from south to north. As already 
mentioned, steep dips have been recorded near Graafwater, but in Guaap 
ridge 45” can be considered an average value of dip, and further north it is 
even lower, about 385”. 

In 1911 A. W. Rogers (56), in discussing the sediments at “Guaap se berg”, 
decided to classify them as Nuwerus series. He stated (p. 35): 


“The general character of the feldspathic guartzites in this hill is so 
like the more normally lying beds further north that it seemed more 
prébable that they belong to the Nieuwerust series and have been affected 
by at least two faults, than that they are a portion of the less altered of 
the sedimentary rocks lying in the old gneiss. 'There are, however, very 
similar rocks amongst the latter, and their distinction from the Nieuwerust 
beds is a matter of great difficulty when the structure of the immediate 
neighbourhood is not thoroughly understood.” 


Regarding the fact that no such faults exist as postulated by him and 
taking into consideration the field relations of these rocks as set forth above, 
there can be little doubt that he was wrong in his surmise, and that the 
sediments of “Guaap se berg” belong to the Primitive system, a possibility which 
he also considered likely. 

North-west of Guaap and Menschlief, fine-grained pink granite which has 
poorly exposed contacts, forms a wedge-shaped intrusion within the rocks of 
the Primitive system. A little south of this wedge-shaped granite a thin lense 
of greyish-blue limestone — the only occurrence of this type in the pre-granitic 
sediments — was found. 


(d) Hoedkop—Hartseerkop Occurrence 


Another important group of Primitive rocks occurs between two almost 
parallel N-S trending faults in the extreme E.S.E. portion of the mapped 
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area. 'They crop out continuously, except for an intervening belt of granite, 
almost one mile wide, from near Hartseerkop northwards, to beyond the Hoedkop 
trigonometrical beacon. In the vicinity of the latter locality these rocks, 
however, are to a large extent covered by remnants of Tocks of the 
Nuwerus series. 

Among the pre-granitic rocks the sheared feldspathic duartzites and sheared 
arkoses are most widely distributed. 'They occupy the high ground north and 
south of Hoedkop and dip steeply northward, standing almost vertically against 
the intruding granite north of the latter locality. 'Towards the south of 
this, feldspathic and also white feldspar-free guartzites are found to dip south 
at lower angles (45). Here the duartzites are traversed by pink pegmatitic 
material (see p. 106). 

Approaching the southern contact of the intervening belt of granite the 
more or less unaltered sedimentary rock-types grade into metamorphic rocks 
of a high grade. In hand specimen these latter rocks are dark green and exhibit 
a glassy to greasy lustre, due to the abundance of cordierite. Pink garnets 
measuring up to one centimetre in diameter abound in some specimens while 
in others they are absent. 'The weathered surface of these rocks is of a rusty 
brown colour showing depressions caused by the weathering of cordierite, while 
the garnet, magnetite and guartz grains stand out in relief. Besides the minerals 
mentioned, plagioclase, potash feldspar, biotite, sillimanite and spinel may 
ocEur in various duantities in these rocks. A detailed petrographic description 
of these will be given in Chapter VI. 

These highly metamorphic rocks do not show signs of gneissic banding, and 
may perhaps be classified as granulites, although they are distinctly coarser 
grained than is expected in typical granulites. In microscopical testural features 
they are not unlike the hornfelses from the Comrie area, described by 
C. E. 'Tilley (71, p. 63). 'The Comrie rocks, though, are invariably of smaller 
grain-size with large plates of one or other mineral, after the manner of typical 
hornfelses. Nevertheless, the author is of the opinion that the term hornfels 
may be used for these cordierite-rich rocks. In further support for the use 
of this term it may be stated that metamorphic rocks of an almost similar 
nature, found as xenoliths in the contaminated norites from Haddo House, 
Aberdeenshire, were described as hornfelses by H. H. Read (52, p. 618-620). 

Closer to the actual contact, however, the rocks are of a more gneissic 
character and the biotite-rich rock nearest the contact is so well foliated that 
it may even be called a biotite schist. It consists of fairly well defined layers 
of feldspar and duartz, and biotite. 'The foliation in the biotite gneiss conforms 
with that of the granite. 'The dip is low, about 30” to 35” in a southerly 
direction. Along the northern contact of the granite belt, biotite gneiss and 
hornfels were also observed, but this outcrop appears to be narrower than 
the one discussed above. 


(e) Oecceurrence at Langdam Trigonometrical Beacon 


The Primitive rocks strike in an almost E.-W. direction between the Langdam 
fault on the east and the Nuwerus rocks in the west. 'The beacon itself is 
situated on a conspicuous little ridge on the upthrow side of the fault. 'The 


ridge is constituted of green dguartzites, sheared feldspathic guartzites and. 
sheared conglomerates. 
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On the fault plane side the ridge is very steep, almost vertical, and the 
strike of the prominent joint system developed in the sedimentaries is parallel 
to the strike of the fault plane, viz. N. 10“E. 'The strike of these sediments 
is in a direction a little west of north-west, while they dip 30” towards the 
north-east. 

Sedimentary rock-types, however, appear to be poorly represented in this 
tract. 'The rock-types constituting the Primitive system, as well as a strip of 
granite near the main granite outerop towards the south, are soil-covered and 
exposures are poor, so that the boundaries between the different rock-types 
given on the accompanying map are in great part conjectural. 

In the southern part of this occurrence near the granite contact, the 
representative rock-type was again a biotite-guartz-feldspar gneiss (or schist). 
A little further north a coarse-grained very compact pinkish-brown rock 
containing large clots of mafic minerals was collected. lIn hand specimen it 
appeared to be some variation of the ordinary pink granite but after 
mieroscopic investigation it was found to consist of a granoblastic aggregate of 
oligoclase-andesine and uralite with interstitial guartz. 

North of this occurrence the rocks are usually of a dark colour and hold 
abundant biotite flakes, the constant orientation of which imparts an excellent 
foliation to these rocks. 'The presence of highly altered hypersthene among 
the rock constituents serves to indicate that these rocks are not of a sedimentary 
Origin. 'This view is further strengthened by the occurrence among the 
above-mentioned rocks of bands of very tough dark coloured as well as dark 
greyish-green rocks which under the microscope appeared to be rocks of 
igneous origin. 'The dark rocks consist of andesine-labradorite, biotite, clino- 
pyroxene and bastitised hypersthene in hypautomorphic granular relation, and 
may be called biotite norites, while the greenish rocks can be described as 
granulites of medium grain on account of their texture. 

The trend of the outcrops of these basic rocks is almost due east-west in 
direction and therefore does not duite conform with the strike of the sediments 
discussed above. 'The former rocks are regarded as basic rocks which were 
intruded into the older sedimentaries in pre-granitic times. 


(£) Smaller Occurrences of Primitive Rocks 


Smaller isolated patches of Primitive system rocks occurring as fioats within 
the granite have been observed in various localities within the surveyed 
area. Only those cases which afford features of interest not encountered 
elsewhere will be discussed in some detail. 

A relatively small occurrence of biotite schist was found, striking a little 
south of west, near the dolerite dyke to the north-east of Kwanous. 'The same 
rock-type presumably also underlies the surface of a sandy depression within 
the granite a little to the north of the previous occurrence. Near to the dolerite 
mentioned above a small body of pre-granitic hornblende bearing norite 
was found. 

Primitive rocks of the sheared sedimentary type consisting mainly of 
sheared feldspathic guartzites and arkoses occupy the eastern slopes of the 
Rhebok ridge, between the Nuwerus guartzites at the beacon and the Langdam 
fault to the east, 
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Narrow bands of dark greenish altered rocks were found partly overlain by 
erits of the Nuwerus series north-east of Mr. van Zyls house on the farm 
Groot Riet. 'These rocks strike E.-W., parallel to the foliation of the granite 
in which they occur. Field evidence suggests that they are granulites, probably 
of igneous origin. 'The igneous origin was subseduently verified by the 
microscopiec examination, and the rock was seen to consist of fairly large flakes 
Of zoisite, patches of an alteration product after original hypersthene, and also 
hornblende and biotite. 'This indicates that the rock probably is an altered 
representative of the rocks of noritic affinities, not infreduently associated with 
the Primitive rocks. 

Lenses of a dark igneous rock, fairly similar to that described above but 
in a less weathered state, were found in banded relationship with white 
recrystallised duartzo-feldspathic material, lying parallel to the foliation of the 
granite, near the contact of the latter with the Nuwerus series some few miles 
south of Draaihoek 

In hand specimen the rock consists of broader greenish-black bands 
showing biotite in parallel orientation, alternating with bands of recrystallised 
cuartz and altered plagioclase. 'These bands are not sharply demarcated and 
biotite is best developed in the zones of contact betweea3 the darker and the 
lighter bands. The mineral content of the dark bands is not unlike that of 
the rock found at Groot Riet (see above), except that monoclinic pyroxene 
enters as a constituent, while hornblende is sparsely represented. 


It is therefore assumed from field and microscopic evidence that these 
basic rocks pierced the duartzo-feldspathic sedimentaries of the Primitive 
system before the engulfment of both by the later Namagualand gneissic 
granite. 

Similar pre-granitic noritic rocks were found in the oval-shaped outcrop 
Ci metamorphosed sediments occurring to the south-west of Tafelberg. The 
basie rock bears a strong resemblance to the associated metamorphic rocks in 
band specimen. 

The metamorphic rock is compact and well crystallised, and on fresh 
surfaces it exhibits pink grains of garnet and darker patches of cordierite. They 
are medium-grained granoblastic rocks, devoid of any preferred orientation. 
From the mineral content and texture these rocks may be termed cordicrite- 
sillimanite hornfelses. Associated with the hornfelses is a typical biotite garnet 
aAugen-gneiss. The “eyes” consist of small aggregates of pink granitie material 
embedded in thick layers of biotite with garnet. 'This rock probably represents 
the margin between the hornfelses and the intrusive granite. 

A dyke-like outcrop of pre-granitic basic rock was found in the granite 
west 0: Tafelberg fault. 

On the eastern slopes of Uitspanberg inclusions of basic igneous material 
were ubserved in the granite. 

These occurrences consist of dark greyish-black dykelets, from a few inches 
to one foot in thickness and measuring several yards along the strike, apparently 
exploiting the joint planes parallel to the foliation direction in the granite. On 
closer inspection, however, the joints were seen to be younger than the basic 
niaterial, which therefore does not bear an intrusive relationship to the 
associated granite. Furthermore this greyish-black rock closely resembles the 
pre-granitie biotite bearing norites, both in hand specimen and in petrographie 
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characteristics and hence can only be regarded as elongated xenoliths of 
pre-granitic basic rock. 'This.view is further supported by evidence afforded 
by inclusions in the granite lower down the slopes of Uitspanberg. 


(g) Gmeissic Rocks of Geelputs and Modderfontein 


Immediately west — that is on the granite side — of the Groot Riet fault at 
Geelputs, lenses of gneissic rocks of varying aspect occur parallel to the 
direction of foliation of the associated pinkish leucocratic granite. Among these 
rocks are present: dark grey gneisses with rather imperfect banding, showing 
fairly large pink porphyroblasts in hand specimen; compact yellowish-brown 
 garnet-cordierite rocks not unlike the Tafelberg hornfelses, and also banded 
gneisses consisting of imperfectly diferentiated discontinuous blackish bands 
within white granitic material. With increase of the dark material this latter 
rock-type grades into a fine- to medium-grained dark black rock with a visibly 
high biotite content. 'The last named rock is probably a biotite norite in which 
the hypersthene has been almost completely altered to bastite and subseguently 
to uralite. Fresh biotite, with a .pronounced parallel orientation, is now the 
most important mafite. 

In the banded rock mentioned above the light coloured portion consists 
chiefiy of duartz, microcline and oligoclase, while the dark bands are 
characterised by patches of uralitic material very similar to the alteration 
product bastite observed in the noritic rock, although no unaltered remnants 
could be detected in these uralite patches. It would appear therefore that the 
banded rocks were formed by injection and mechanical incorporation of the 
noritie rock by the intruding granite. 

Another field occurrence demonstrating the process of injection and 
probable incorporation of sedimentary material by the granite is found at 
Modderfontein. lIn the area between the trigonometrical beacon and the 
farm-house, bands of a brownish garnet-biotite gneiss occurs within the 
greyish-white leucocratic granite parallel to the foliation of the latter. 
Associated with these are lenses of pegmatitic and aplitic material. 

The garnets are not restricted to the lenses of sediments included by the 
granite but were also observed in the granite itself, in the pegmatites and in 
the aplite. In the latter, pink garnets elongated parallel to the strike of the 
foliation of the granite were observed. 

Garnet was never found in the granite except where the latter is visibly 
associated with sedimentary 'jinclusions, and is therefore suggestive of 
contamination. 'This process will be discussed later (see Chapter VID. 


CORRELATION 


As the field record of these pre-granitic rocks is somewhat fragmentary, it 
will be difficult to ascertain whether or not they represent one uninterrupted 
stratigraphic succession. From the available field evidence the total thickness 
ot the succession appears to be some 20,000 ft., provided no duplication by 
faultiug or folding has taken place. 

In 1911 A. W. Rogers (56, p. 80) expressed the opinion that the altered 
sedimentary and volcanic rocks found during a survey of a region in which 
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the present area is included, resemble the rocks of the so-called Marydale beds 
of the Kheis system near Prieska. Among the older rock-types observed by 
the present author, rocks of a definite volcanic origin were not represented. 
The preponderance of sheared duartzitic and sometimes highly feldspathic 
sediments and also the great thickness of the “Primitive” succession as indicated 
above, rather suggest a correlation with the Kaaien series of the Kheis 
system. 'This series is known to crop out for 33 miles across its strike in the 
type area, and although it is believed to be duplicated in some way, a fairly 
great thickness is nevertheless assumed (cf. A. W. Rogers (55) 1. 

Northwards, as regards the Springbok—O'okiep area, C. A. Strauss (66, Dp. 39) 
believes that the sedimentary rocks which can be followed from Rooipoort 
through the Bushmanland, probably also belong to the Kaaien series of the 
Kheis system. 'The recrystallised guartzites and allied rocks found in the granite 
in the Goodhouse—Pella area by C. B. Coetzee (11) were also assumed to belong 
to the Kaaien series. 

It is admitted that, as no definite unconformities are known to separate 
the three subdivisions of the Kheis system in the type area, it will be difficult 
to correlate the seemingly conformable pre-granitic sediments of the present 
area with a definite member — the Kaaien series — of that system. It is duite 
probable that certain rock-types in this area may belong to either the Marydale 
or the Wilgenhoutdrift series of the type area. 


V INTRUSIVE ROCKS OF THE KHEIS SYSTEM 


The small scattered outcrops of the basic rocks occurring sometimes at wide 
intervals within the basement terrain, have for the most part been indicated 
on the accompanying geological map as a separate series, diferentiated from 
tne associated metamorphics of the Kheis system. 'The basic rocks from the 
vicinity of the Langdam beacon, however, could not so be diferentiated, firstly 
on account of the poorly exposed outcrops, and secondly owing to the fact that 
it was difficult to distinguish between the biotite norites and the accompanying 
dark biotite gneisses in the field. 

These intrusive rocks of pre-granitic age may be subdivided on account of 
macroscopic and microscopic characteristics into two groups. Firstly the 
darker coloured, more basic rocks to which the general name norite will be 
applied, and secondly the lighter greenish gsranulitic rocks, more acid in 
character, which may conveniently be termed pyroxene or hornblende granulites 
on account of their testure and the mafic mineral content. 'The former 
rock-type consists essentially of basic plagioclase, hypersthene and biotite, 
whereas the granulites usually consist of hornblende or clinopyroxene, together 
with auartz and plagioclase ranging in composition from An, tO Ans. 


NORITES 


These are even-grained mesotype rocks with the constituent mineral grains 
varying from 1 to 2 mm. in length. The only minerals which may be recognised 
in hand specimen are biotite and less freguently hypersthene. 'The rocks seldom 
show any definite planar structures in the field except in those cases where 
biotite is well represented. 
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The following are the most important mineral constituents as revealed by 
the microscope: plagioclase, hypersthene, clinopyroxene (endiopside),  biotite, 
hornblende with accessory iron ore, apatite and zircon. @uartz is only found 
exceptionally as an interstitial mineral 'Table 1 below shows the primary 
mineral content of the basic rocks from the various localities in tabular 
form. Generally speaking alteration of the essential minerals is limited; one 
or two of these rocks, however, show special alteration features which will be 
discussed later. 
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Table 1 shows that hypersthene (though variable in amount as indicated 
in Table 2) is present in all these rocks and that biotite is almost as universal 
in its presence. 'The plagioclase in seven out of eleven cases is bytownite, one 
is an acid labradorite and three are basic andesines. 

Microscopically these rocks normally show hypautomorphic granular 
textures. 'True poikilitic relationship of hypersthene and plagioclase was 
observed in the rocks from Bitterfontein and NE. of Kwanous. In the rock 
from Bitterfontein large shiny patches indicating the poikilitic hypersthene were 
recognisable in hand specimen. 

When present in fairly large amounts the biotite, occurring in flakes from 
1 to 2 mm. long, imparts a directional texture to the rock in thin section. 

The variation in mineral constituents has been determined for a few of 
the fresher rocks by means of the Rosiwal method, and the results are tabulated 
below (Table 2). 'The percentage of anorthite in the plagioclases is given in 
the last column. 
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TABLE 2 (MODES) 


Locality. | Vol. 9% of Constituent Minerals. 
| Plag. | Hyp. | End. | Biot. | Hble.| Ore | Ap. |% An 
| — 
1. Modderfontein  .. Mis ei Pos od Mlé ate) 0-9 - 80 
2. West of Tafelberg 7 ', | 6osal| dac9 16-2 | 4.0 | Wo6 Mas 
3. Near Tafelberg fault .. | 6as4 || d1asoi] 76 5:9 6-7 2-5 | 42 
d. N.E. of Kwanous od se 55-4 | 18-0 93-8 2-8 aa 75 


Except for No. 3 in Table 2 the range in composition of plagioclase in these 
rocks varies from Ab, An, to Ab,, An,, and the ratio of aguarfeloids to malfites 
is a little greater than unity, and hypersthene is present either to the exclusion 
of monoclinic pyroxene or in greater amounts than the latter. 'The general 
name norite may therefore be applied to these rocks. As either biotite or also 
hornblende may be present in amounts comparable to those of hypersthene in 
some of these norites (cf. Tables 1 and 2), the name biotite bearing norite or 
hornblende bearing norite may be used with advantage. 

Except for the lower anorthite content of their plagioclase, not in consonance 
with the strict definition of a norite, the rocks tabulated as No. 3, Table 2, and 
Nos. 9 and 10 in Table 1 agree so well with the more normal norites, both in 
macroscopic as well as microscopic characteristics, that this name will be 
applied to them as well. 


PETROGRAPHY OF THE NORITES 


Feldspar 


(a) Potash feldspar. In one of the thin sections from a noritiec rock from 
Langdam trigonometrical beacon a few small interstitial flakes of microcline 
were observed. 


(b) Plagioclase. 'The plagioclase usually constitutes more than 50% by 
volume of the rock (Table 2). It occurs as subhedral to euhedral erystals of 
tabular habit, showing distinct (001) and (010) cleavages. 'They are little altered 
or cracked and chlorite and sericite, the usual alteration products of such 
feldspars, are of limited occurrence. In addition to this very slight alteration 
the plagioclase is furthermore almost unstrained and shows a minimum of 
normal continuous Zoning so that UM. stage determinations could be made 
with a fair degree of accuracy. No definite attempt was made towards a 
statistical survey of the abundance of the different twin laws, but it was obvious 
that twins, according to the albite and pericline laws, predominate. 

As already mentioned zoning effect was usually slight, so that 
determinations on the composition of the feldspar could be made regardless 
of this phenomenon. In cases where inner cores and outer mantles of the 
individuals were determined separately, the difference in composition proved 
to be slight, usually 3% to 5% and rarely 8% to 10%, while the variation in 
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Composition of the different feldspar crystals in any given section appears to 
be of the same order of magnitude as in the case of the zoned individuals. 
According to the anorthite content the plagioclase appears to fall into two 
different groups, viz. bytownite with An values ranging from 75% to 90%, and 
andesine-labradorite with anorthite values varying from 49% to 55%. 'The 
plagioclase of the noritie rocks from Langdam beacon, Geelputs, west of Tafelberg 
fault and the one near Benkoker belongs to the latter group. (See Table 1) 


Pyroxenes 


(a) Orthorhombic. 'The orthopyroxene which is usually the most abundant 
mafic constituent, occurs in all the rocks in amounts varying from probably 
18% to more than 25%, by volume. 

This mineral occurs in euhedral grains up to 3 mm. in length and is usually 
larger than associated crystals of the accompanying mafites. 'The prismatic 
cleavages are fairly well developed but the characteristic (100) lamellation of 
orthopyroxene was not observed. 'This same characteristic was also noticed. in 
the hypersthenes of the noritic copper ore bearer of Namadualand by R. Latsky 
(35, p. 124). 

Poikilitic texture of the orthopyroxene was observed in the thin sections 
from the hornblende bearing norites from NE. of Kwanous and from 
Bitterfontein station. In the latter, for example, the large oikocrysts of the 
pyroxene about one inch in length hold rounded inclusions of twinned grains 
of bytownite. Tnclusions of magnetite were also observed within the host 
crystals. 

Since dispersion is not perceptible in the hypersthene and zoning is feebly 
developed, and as in addition the birefringence is not too low, the optic axial 
angle of this mineral could in most cases be easily determined by direct 
measurement on the Universal Stage. ?2Va of this orthopyroxene was found 
to be surprisingly low. 'The values range from 48* in the Modderfontein sample 
to 56* in the rock from south of Draaihoek. In most cases, however, a value 
of 9V. between 50” and 52” was recorded. Similarly low values for the optic 
axial angle of orthopyroxene were also recorded in the rocks of the Bushveld 
Complex. W. R. Liebenberg (39) found the 2Va of hypersthene in diabases of 
the Basal zone from Marico River to be as low as 45”, and H. J. Nel (43) recorded 
values of 50” in the diabases of the Basal zone north of Pretoria, while values 
ranging from 50* upwards were recorded in orthopyroxenes from the higher 
zZones of the Complex by B. V. Lombaard (40). 

In a rock slice from the norite N.E. of Kwanous, the orthopyroxene yields 
a constant value of 9V.— 59", and here the maximum birefringence was 
determined. 'The thickness of the section in close proximity to a pyroxene 
grain of suitable orientation was determined by making use of a plagioclase 
crystal of known composition. 'The subseduent determination of the birefringence 
of the above-mentioned pyroxene yielded a value of (—a)— 0175. 

If these optical values 2Va, and (y— a) are plotted on the relevant curves 
in the orthopyroxene diagram constructed by N. F. M. Henry (26, p. 223), they 
indicate a composition corresponding to En,, Of... The pyroxene under discussion 
seems to agree closely in optical properties With a pyroxene, occurring in a 
supposedly contaminated biotite norite, from Glen Buchat, Aberdeenshire, which 
was investigated by N. F. M. Henry (26, D. 222). 
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As regards the 2V curve for the orthopyroxenes, N. F. M. Henry regards 
51” as the smallest possible negative optic axial angle for the series and that 
for more iron-rich varieties 9V, should again increase. It should, however, be 
emphasised that values as low as 48” for 2Va have been recorded in the present 
investigation and that even lower values (45”) were obtained in orthopyroxenes 
of Bushveld rocks (see above). 

The orthopyroxenes of the noritic rocks Aiseussed above, having the 
composition En,, Of.,, will be called ferrohypersthenes after the nomenclature 
introduced by H. H. Hess and A. H. Phillips (27, p. 284). 

The typical green-pink pleochroism of the hypersthene is usually only 
faintly perceptible. 'This weakness of pleochroism apparently anomalous in 
iron-rich hypersthene was also remarked upon by N. F. M. Henry (26, p. 224). 

The extraordinary richness in iron of the ferrohypersthene is further borne 
out by the profuse occurrence of iron ore in the alteration products derived 
from it. 


Alteration of the Ferrohypersthene: Bastitisation is the most commonly 
observed alteration suffered by the ferrohypersthene. 'This process usually 
begins along the margins or along cleavage cracks of the hypersthene 
gradually working its way towards the cores of the crystals. In the 
alteration process duite abundant iron oxide is released which is 
segregated as magnetite dust or as larger crystal grains in the fibrous 
bastite. All stages of alteration are observed; in some instances the pyroxene 
has been completely altered, in others only core remnants or islands of the 
tunaltered mineral, fringed by a rim of blackish or reddish iron oxide have 
survived, while in yet others the ferrohypersthene is almost unaffected. 'The 
fact that bastite is such a characteristic alteration product of the hypersthene 
in the noritiec rocks of this area, led the writer to assume that the bastite 
occurring in the dark bands of the gneisses at Geelputs is in all probability 
also pseudomorphous after hypersthene. It is noteworthy, however, that no 
unaltered hypersthene was identified in the latter case (p. 115). 

The bastite, which is of a fibrous habit, is of a light greyish-brown colour 
and ir some slices a slight pleochroism in shades of greyish-brown was 
observed. 'The prominent cleavage in vertical sections of the hypersthene is 
retained in the bastite, but while this direction is |y in the former, giving 
positive elongation, it coincides with B in the latter, thus giving positive-negative 
elongation. 'The extinction in the latter case, however, remains straight. 
Attempts were made to determine the optical character and the size of the 
optiec axial angle, but owing to the fibrous nature, low birefringence and 
inclusions of finely divided iron ore material in some instances, it was difficult 
to obtain any definite results. It would appear though, that the bastite is 
optically negative with an axial angle of a few degrees. 

In several instances, especially where biotite was absent or rare, the fibrous 
bastite has on its part again been transformed into a moderately high 
birefringent fibrous amphibole (uralite). Narrow rims of chlorite may sometimes 
be seen fringing all the above-mentioned minerals, but this mineral is 
relatively scarce. 


(b) Clinopyroxene. Though monoclinic pyroxene occurs in a fairly large 
number of the norites, they are distinctly less abundant than the orthopyroxenes. 
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and in some thin sections only a few grains of this mineral could be 
detected. It occurs as subhedral to euhedral crystal grains and is of a vivid 
light green colour. Sometimes a perceptible pleochroism in tints of green is 
visible as, for example, in a thin section from the norite in the vicinity of 
the Tafelberg fault. 

The crystals show prominent (110) cleavages, and a prominent parting 
parallel to (010); the (100) parting is feebly developed. 'Twinning is rare, but 
one beautiful lamellar twin on (100) was observed in a thin section from a 
Langdam rock. Jn cases where twinning parallel to (100)— the usual twin 
direction in the monoclinic pyroxenes— was present, use was made of this 
phenomenon to determine the extinction angles. For determining the pole of 
(100) accurately, the procedure of matching interference tints in the two halves 
of the twin was followed [cf. G. Nell and W. C. Brink (45, p. 44) 1. 

The monoclinic pyroxene, in contradistinction to orthopyroxene, has 
completely escaped alteration. TU.M. stage measurements could therefore be 
carried out with ease, except for the difficulty encountered in some individuals 
which are notably strained. Furthermore, a slight zoning effect is not inireduent 
and schiller inclusions consisting of orientated plates of magnetite were also 
observed. 

The U.M. stage measurements yielded the following: 2Vy ranges irom 
41*—B3* and v/c ranges from 38” to 42”. 

If the optical constants of the clinopyroxenes of the various rock specimens 
thus cbtained are plotted on to the diagram of H. H. Hess (27, D. 515), they are 
seen to group in the endiopside field. 


Hornblende 


(8) Common hornblende. Ordinary greenish to greenish-brown common 
hornblende presumably of primary origin occurs in variable amounts in six of 
these norites. The crystals of hornblende usually are of subhedral outline and 
show well developed (110) cleavages and distinct pleochroism in shades of 
green and brown. 

There appears to be a certain degree of correlation between the relative 
amounts of hornblende and clinopyroxene in these rocks (see Tables 1 and 2). 
In the rocks from Langdam beacon and from near the Tafelberg fault where 
monoclinic pyroxene is well represented, hornblende is absent. The Eenkoker 
and Modderfontein rocks hold small amounts of hornblende in conjunction with 
clinopyroxene and in the specimen from N.E. of Kwanous and the one from 
Bitterfontein railway station the pyroxene is wanting and hornblende is present 
in fairly large amounts. In some instances it would appear that hornblende 
partially envelopes the clinopyroxene; less often it appears to replace the 
ferrohypersthene as in the case of the altered basic rock from Groot Riet. 

It is furthermore interesting to note that in the Kwanous and Bitterfontein 
rocks, the only instances where poikilitic texture in the hypersthene was 
developed on a grand scale, hornblende was the only other mafite present. 

The hornblende in the rock from the latter locality difers slightly from 
the typical amphibole of the norites. It is of a light orange brown colour, and 
the following optical constants were determined: 
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Va — 81? B — dull brown 
ve — 188 y — light brown 
Absorption: B—Yy—a a — almost colourless 


In all other cases the common hornblende shows fairly uniform optical 
properties. A hornblende from the Modderfontein rock may be regarded as 
duite typical. It yielded the following optical data: 


Va — BA” y — brownish-green 
vie SI” BP — slightly lighter brownish-green 
Absorption: v—B—a as — golden green 


(b) Uralite. Uralitisation is of very limited occurrence in the rocks under 
discussion. Uralite was observed as another alteration product of ferro- 
hypersthene in the Geelputs norite. 'The alteration product shows pleochroic 
haloes in shades of green, around inclusions of large zircon grains, while further 
away from the inclusions the colour is usually greyish-brown. 'The ferro- 
hypersthene was firstly altered to greyish-brown bastite, which in turn was 
replaced by the fibrous amphibole (uralite), the uralitisation usually starting 
from the periphery of the bastite grains. In the rock from the vicinity of 
Tafelberg fault the fibrous uralite seems to have been formed directly from the 
hypersthene without the intermediate formation of bastite. 


Biotite 


Highly pleochroic, from an almost colourless straw yellow to dark reddish- 
brown or deep orange brown, is present in almost all rocks. In some rocks, 
especially those where hornblende occurs to the exclusion of monoclinic 
pyroxene, biotite is almost absent, being only represented by a few small 
flakes, while in some of the other rocks it may be the most abundant mafic 
mineral (cf. Table 2). 

This mineral is duite often observed to form on the crystal borders of both. 
pyroxenes penetrating the cores of these crystals in an irregular manner, or 
it may also form as small flakes within the pyroxene crystals. 

The fiakes of biotite are usually orientated in one direction giving the rock 
a definite directional texture visible in thin section. 'The other constituent 
minerals do not appear to participate in this preferred orientation. TInclusions 
of apatite and rzircon are not uncommon, but sagenite webs were never 
observed. 'This, together with its light yellow to deep reddish-brown pleochroism, 
suggests that it is probably the typical metamorphic biotite of H. H. Read 
(51, p. 477). Its formation may be ascribed to the assimilation of sedimentary 
argillaceous material. Biotite bearing noritic rocks showing similar peculiarities 
as the rocks now under discussion were described by H. H. Read (51, D. 446) 
from the Arnage district, Scotland, and he holds assimilation responsible for 
the abnormal oecurrence of biotite in the norite. In his treatise on the Bushveld 
complex A. L. Hall (20) expresses a similar opinion, viz. that the biotite 
occurring in the norites in certain sectors of the Bushveld area is due to 
assimilation of argillaceous material, and he states (2, p. 418): 
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“Biotite bearing norite, found over wide stretches along the marginal 
(basal) portion of the Lopolith, suggests the complete disintegration and 
assimilation of shale material, still traceable in Wwidespread though small 
amounts of brown mica (e.g. Hartebeestpoort section west of Pretoria)” 


He says furthermore (p. 413): 


“Tt is difficult to resist the conclusion that the wide distribution of 
deep brown mica of typically metamorphic habit .... is a mineralogical 
reflection of thoroughgoing assimilative infiuence of completely dissolved 
shaly elements.” 


Accessory Minerals 


Iron ore, usually magnetite or titaniferous magnetite, in grains and rods, is 
distributed more or less evenly through these norites. Sometimes the crystals 
have developed well formed boundaries, in other instances crystal boundaries 
are absent. Magnetite may occur as rods in the schillerised pyroxene, and 
granules oi magnetite and hematite are furthermore duite common in the 
alteration products of the ferrohypersthene. 

Apatites and zircons almost always appear in thin section, but the best 
development of these is seen in the medium-grained norite from the vicinity 
of the Tafelberg fault, in which slightly rounded apatites more than 1 mm. in 
length and zircons of almost the same size occur together. 


@uartz 


This mineral has been recognised as an interstitial constituent in some of 
the thin sections. It is doubtful whether it occurs in the rocks characterised 
by a high anorthite content of their plagioclase. G@uartz has been observed in 
the altered rock of Groot Riet, where it occurs as inclusions in the poikilitic 
hornolendes. In the norites of Langdam which are characterised by less basic 
plagioclases, duartz may enter as an important accessory mineral. 


THE ALTERED BASIC ROCK OF GROOT RIET 


It has already been said that the norites generally have suffered little 
alteration. 'To this general rule the intensely altered rock of Groot Riet, 
presumably of noritic origin, forms a notable exception. Tn hand specimen 
this rock does not show appreciable differences from the ordinary basic rocks, but 
in thin section it is seen to consist chiefiy of a granoblastic aggregate of zoisite 
and a low birefringent serpentinous product, together with additional 
hornblende, biotite, sericite and interstitial duartz. 

Within some of the areas of brown bastite small fragments of Terro- 
hypersthene duite like that of the normal rocks could be detected. Hornblende 
which is similar to the ordinary hornblende of the norites is seen to be associated 
with the bastite. It is therefore probable that the hornblende also has been 
altered to bastite, but it is more likely that the bastite now seen with the 
hornblende represents the hypersthene originally closely associated with the 
hornblende. Hornblende also occurs as poikilitic individuals with inclusions 
of guartz. 
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The zoisite which is the principal constituent observed in thin section, is 
well crystallised, and its most characteristic property is its beautiful purplish-blue 
anomalous interference tints. It has fairly well developed cleavage || (010). 
BJc and its longitudinal sections may be length fast or length slow. 
VY — 4 69”. 'These properties agree well with the description of P — zoisite 
as given by A. N. Winchell (81, p. 311). 

Segregated on the zoisite are small flakes of a ef birefringent mineral, 
sericite, the presence of which is probably due to a low potash content of the 
original plagioclase. Not a single fresh grain of plagioclase, however, is to be 
observed: the process of zoisitisation and sericitisation of the plagioclase, 
therefore, appears to be complete. 

Throughout the entire thin section are scattered flakes of biotite .2 x.5 mm.” 
in size, which give the usual light yellow to dark brownish pleochroism. 'The 
biotite does not seem to be related to any of the alteration processes; it is 
fresh and displays a sub-parallel orientation, and no doubt represents the 
biotite of the original biotite bearing norite. 

The reason why this rock, which originally consisted of a basic plagioclase, 
hypersthene, biotite and additional hornblende, has been so profoundly altered 
Subseguent to its consolidation, while all the other norites remained remarkably 
fresh, is not duite clear. 'This alteration may be due to the infiuence of the 
later Namadualand granite in which it became engulfed. It must, however, be 
remembered in this connection that the noritic rock of Uitspanberg which also 
occurs within the granite has on the other hand completely oe) such 
alteration as has been described above. 


The basic rocks occurring in the area surveyed only represent remnants of 
a probably more extensive suite of basic igneous rocks intruded into the 
pre-granitic sedimentary terrain. 'The available outcrops, however, are so 
scanty that any attempt at reconstructing the history of the original rock 
series would be futile. It may, however, be useful to compare these on 
petrographic grounds with better known noritice rocks, like those of the 
Bushveld Complex. 

As regards the mineral content of the two groups of rocks there is a 
general similarity. Both consist essentially of a basic plagioclase, hypersthene 
and variable amounts of monoclinic pyroxene. 

In the norites from the Nuwerus area, biotite plays an important role, and 
in the Bushveld area biotite bearing rocks are not uncommon especially near 
the base where there is evidence of assimilation. When one compares the 
mineral composition of the two rock-types they are also found to agree rather 
closely. B. V. Lombaard (40) states that the plagioclase of the norites of the 
Bushveld Complex ranges from bytownite (An,,) through labradorite (Ans) 
to andesine (An,.). These values are also characteristic in the present case. 
(See Table 2.) 

The ferrohypersthene of the biotite norites is somewhat different from the 
hypersthene of the Bushveld norites, as it is of smaller axial angle and 
furthermore does not show the characteristic (100) lamellation. It agrees better 
with the hypersthene of the gabbros of the Complex, from which 9V, values 
for hypersthene, varying. from 50” to 60” (cf. 40, Table 9, p. 34), and values 
from 50” to 70” (cf. 43, p. 14) have been recorded. In the latter case H. J. Nel 
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expresses the opinion that these rocks may preferably be termed mnorites 
13. pIa) 

In the broad comparison where similarities in characteristics of the biotite 
bearing norites of the Nuwerus area and certain basic rocks of the Bushveld 
Complex have been indicated, a strict petrographic correlation was not aimed 
at. Jt is done merely to show that the biotite bearing norite having certain 
characteristics in common with the varying basic members of a series of rocks 
like the Bushveld Complex, may itself, in all probability, be part of a once 
extensive complex, as has been already intimated. 

The Primitive system of this area is by no means unidgue in so far as its. 
invasion by basic rocks is concerned. Ancient basic intrusive complexes are 
associated with the Primitive systems in other parts of this country as well, as 
is revealed by the more recent investigations of that system. 

O. R. van Eeden (715), in investigating the so-called older rocks in the 
Barberton district, came to the conclusion (p. 10) that the Swaziland system 
had been intruded by a group of plutonic rocks which he called the Jamestown 
Igneous Complex. Jn describing these rocks he states that the complex is 
constituted of various types of serpentines, representing altered, highly basic 
rocks. The majority of these have, however, been altered to carbonate and tale 
schists, so that unfortunately no comparison between these and the norites of 
the present area can be made on petrographic grounds. 

Pre-old granite rocks of the Soutpansberg area have also been described 
recently by J. $S. van Zyl (76). He found and described a sheet of anorthosite 
rocks intrusive into the Primitive systems, and expresses the opinion that this 
sheet is but a diferentiated phase of a vaster plutonic body, the complimentary 
parts of which are not represented at the present ground surface. 

Basic rocks greater in age than the Namadualand granite and associated 
with Kheis sedimentaries in the pegmatite area, south of the Orange River, 
were reported by T. W. Gevers and others (17). These rocks appear to represent 
different phases of a very extensive body of igneous rocks, the oldest members 
of which are dark varieties including peridotite, olivine norite, gabbro, duartz 
hornblendite and a mafic hornblende diorite. 

The presence of various basic rocks, giving the impression that they belong 
to more extensive basic complexes, has thus been recorded as intrusive in the 
Primitive system rocks at various localities in the Union. 'This is a significant 
fact which may prove to be of definite value in correlating the Basement 
sedimentary rocks of this country. 


GRANULITES 


The term granulite is used here in accordance with a suggestion of the 
Committee on British Petrographic Nomenclature (cf. 8, p. 140), viz. that 
“when used as a rockname it should be used only for rocks with granulitic 
texture, and should be aualified by prefixing the name of the mineral, or 
minerals, which characterise the rock.” 'They furthermore defined granulitic 
texture as “that texture of rocks characterised by even-sized and closely-fitting 
grains. It is applicable to metamorphic sedimentary and metamorphic igneous 
rocks, and, to a more limited extent, to igneous rocks in which the testure has 
been produced directly.” 
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Some few pre-granitie rocks from the area are classified as granulites 
although they do not always strictly comply with the above definition. A few 
samples of such granulites were collected just north of the biotite bearing 
norites at Langdam trigonometrical beacon. One was collected in the 
road-cutting north of Bitterfontein and another one is intimately associated 
with the intrusive granite north-west of Houmoed. A hornblende granulite 
was also found to occur in the para-gneisses just south of Bitterfontein 
trigonometrical beacon. 

It would be difficult from the very limited and widely separated occurrences 
of these rocks to assign them to a common origin and from the outset it may 
be emphasised that it is not certain whether these, here grouped together as 
granulites, are of sedimentary or igneous origin. 'The granulite from north-west 
of Houmoed illustrates this difficulty concerning the origin of the rocks. In 
hand specimen a lamination is observed which may be interpreted as a 
metamorphosed sedimentary bedding structure, while the constituent minerals, 
comprising plagioclase (AN...) duartz and uralitised pyroxene, reflect an 
ieneous origin. 

The pyroxene granulites from Langdam on the other hand seems to be of 
definite igneous origin. Recrystallisation did take place, but the rock is 
coarser grained than the typical hornblende granulite of Bitterfontein 
trigonometrical beacon. 'The pyroxene is usually rounded and appears to occur 
as interstitial grains, between abundant duartz and plagioclase. 


The plagioclase is a basic andesine with average anorthite content of 45%. 
Zoning is slight, the inner cores of the crystals corresponding to 50% An while 
the mantles give a value of An, 'Twinning is well developed and the albite 
law predominates. The feldspar is sometimes almost free of inclusions, but it 
may contain rounded crystals of magnetite and grains of pyroxene. 


The pyroxene is of a distinct light green colour, without any pleochroism. 
The optic axial angle determined by means of the U.M. stage vields a value 
2Vy — 56; ve was found to be 44”. 

These characteristics suggest a diopsidic augite. G@uartz characterised by 
dust-like' inclusions occurs in large crystal fragments of semi-rounded outline. 
This mineral is not evenly distributed throughout the section but appears to 
be concentrated in more or less parallel bands. In some crystals the inclusions 
are eyenly distributed but in others an arrangement of inclusions can be 
observed along certain directions. Some of the larger duartz grains may hold 
small rounded or anhedral grains of pyroxene. 

Magnetite is the usual ore mineral in these rocks. An unusual occurrence 
of iron ore was detected in a thin section of one of these Langdam granulites. 
In addition to the dark black grains of magnetite, rounded grains of a banded 
nature were observed. These consist of almost parallel alternating lamellae 
of dirty yellowish-green and black material. 'The black is magnetite and the 
dirty yellowish streaks are probably leucoxene (see Fig. 1). 

The pyroxene granulite of the national road cutting north of Bitterfontein 
is essentially similar to those described above, except that it is perhaps more 
altered and does not show any trace of an original banded structure. Tn 
addition to the usual pyroxene a few crystals of common green hornblende 
are present. 

The hornblende granulite south of Bitterfontein trigonometrical beacon 
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again shows a distinct banding in thin section. In one part of the section 
rounded hornblende grains occur within the granulitic plagioclase-duartz 
mozaic, while in an adjacent portion parallel to the first the brownish-green 
hornblende is completely absent and only an occasional patch of uralite is 
seen among the dguartz and plagioclase. Furthermore, duartz seems to be less 
abundant in the hornblendic layers than in the hornblende-poor layers. 

The above description of the granulites indicates rocks whose mineralogical 
Ccomposition is comparable to that of certain intermediate basic rocks, but at 
the same time it shows the presence of a definite layering owing to a variation 
in mineral content. The conclusion is drawn that these granulites are the 
outcome of recrystallisation of originally banded rocks, which, if they had been 
sediments, must have been of very abnormal constitution so as to have yielded 
the observed minerals. 


VI. THE PETROGRAPHY AND METAMORPHISM OF THE 
ROCKS OF SEDIMENTARY ORIGIN BELONGING 
TO THE KHEIS SYSTEM 


The metamorphic sedimentary rocks, reflecting a variation in the degree 
of metamorphism attained, as well as variation in the composition of the 
Original sedimentary materials, which constitute the Kheis system, will be 
subdivided into the following groups: 


(a) Hornfelses. 

(b) Cordierite-garnet para-gneisses. 

(c) Hornblende-epidote schists and gneisses. 

(d) Gmeissic rocks of Geelputs and Modderfontein. 

(e) Less metamorphosed sedimentaries like sheared feldspathic dguartzites, etc. 


The petrographic details of the different groups will be given and the 
evidence thereby afforded will be used in drawing conclusions as to the nature 
of the original material and metamorphic processes involved in every group. 


Hornfelses 


Among these will be included the hornfelses of the Hoedkop—Hartseerkop 
sector (see p. 112) and the Tafelberg sector (see p. 114). 

Bearing in mind the macroscopic descriptions of these, it is evident that 
the hornfelses of Hoedkop—Hartseerkop and Tafelberg differ slightly. Despite 
this difference which is usually only shown by the grain size and a small. 
variation in mineral composition of the different rocks, they are treated 
together. 'The Tafelberg hornfelses on the other hand do not differ much in 
mineralogical composition and the relative amounts of the constituent minerals 
from certain coarse-grained cordierite-garnet bearing rocks of Bitterfontein 
and Geelputs. 'These latter rocks, however, are discussed under (b) (the 
para-gneisses), chiefiy because of their more pronounced gneissic structure. 

The hornfelses are medium- to coarse-grained crystalline rocks displaying 
no gneissic or any directional structure, both in hand specimen and under 
the microscope. 
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The greenish hornfels from the Hoedkop—Hartseerkop sector of which a 
modal analysis has been made by means of the integration table (see Table 3), 
may be taken as a type example. 


TABLE 3 


MODE OF THE HORNFELS 


ee ee ee 


Mineral Volume Percentage 
N VR AAN NE N N De OE N AE ELE 
Cordierite 34.4 
Garnet Jan 
@uartz 2215 
Sillimanite 12.0 
Ore 6.1 
Biotite 1.8 
Total 99.9 


Cordierite is throughout the most important mineral constituent. (Garnet, 
though occurring abundantly as large crystals (1 cm. in diameter) in the type 
example, is absent from some of the hornfelses. lIn addition to the usual 
minerals, listed in Table 3, spinel, feldspars and a little hypersthene may occur 
in some of these rocks. These rocks are fairly fresh and the only alteraftion 
products are the micaceous minerals resulting from the alteration of cordierite. 
Fairly large zircons of semi-rounded outline are not infreguently found as an 
8cEessory mineral. 

The garnet of the hornfels is a pale pink almandine with Rl1.— 1.787 (1 .003). 
It occurs in large crystals with poorly developed boundaries and holds rounded 
inclusions of duartz and altered cordierite. A very interesting phenomenon is 
the oecurrence of irregular patterns of magnetite fringed by granular sillimanite 
and furthermore associated with clear grains of dguartz, within some of the 
larger crystals of garnet (Fig. 2). Sillimanite associated with duartz was also 
-observed within the garnet, without the magnetite being present. 'This mineral 
association magnetite-sillimanite-guartz does also occur, not accompanied by 
garnet, but it was never observed in rocks from which garnet is absent. 
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Fig. 1. Banded ore consisting of alternating 
lamellae of magnetite (black) and leucoxene 
(stippled). X 50. 


His, 9, The minerai association Garnet-Magnetite-Sillimanite- 

Guartz, in a hornfels from the Hoedkop Hartseerkop sector. 

Garnet (stippled), Magnetite (black), Silimanite (ruled), @uartz 
(clear). X48, 
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The sillimanite in these hornfelses, and in fact, in all rocks of this area 
in which it was recorded, does not show the sheaf-like habit so well exhibited 
by that mineral in some of the contact rocks of the Bushveld Complex, e.g. the 
classic example from M'phatlele's Location—Malips River type of A. 1 Hall (2i) 
It occurs as individual prisms or groups of elongate prisms in parallel 
position, or also as well erystallised rims round magnetite grains (Fig. 2); only 
rarely, small needles of this mineral were observed, and then usually within 
garnet or cordierite crystals. 'The (001) sections of this mineral are almost 
sguare in appearance and exhibit the perfect (010) cleavage traces.”) The 
optic axial plane is parallel to the cleavage planes and the positive acute 
bisectrix 7 is parallel to c. 'The refractive indices could easily be determined 
on cleavage fragments by means of the immersion method. 'The following 
results were obtained: 


a — 1.660 (4.001) B practically edual to a 
y— 1.684 (4.001) 
Birefringence (yy — oa) — .024 


As the optic axial angle is small and dispersion is rather distinct p — v, the 
value of 9V could not be measured directly by means of the U.M. stage. Owing 
to the fact, however, that (001) sections of this mineral, to which the optic 
axial plane is perpendicular, are well represented in the rock slices, the value 
of 9Vy was easily determined by using the Mallard method. Values ranging 
from 923” to 25” were thus obtained. 

Cordierite devoid of crystal boundaries occurs as fairly large grains in 
the rock slice. 'The usually small inclusions characterising cordierite are to a 
large extent wanting, signifying a high degree of recrystallisation. 'The grains 
of cordierite, however, hold smaller inclusions of duartz and nearly rectangular 
grains of sillimanite in pseudo-ophitiec relationship. 'These intergrowths are of 
the same nature as those found in the garnets. 'The cordierite in the type 
example is completely altered to a greyish or yellowish micaceous substance 
which can be designated by the general name “pinite” [cf. A. N. Winchell 
(81, p. 309) |. This yellowish product is of medium birefringence and of flaky 
habit. jn another thin section from the same occurrence the alteration product 
is of the same yellow colour but it is more uniformly orientated. 'The 
birefringence is low and 2V, is small, indicating probably incipient change from 
cordierite to biotite. Tn other thin sections especially those of 'Tafelberg 
hornfelses, the mineral is almost fresh and it is characterised by its peculiar 
mode of twinning (see p. 142). 

Except when forming inclusions or intergrowths with other minerals, as 
already discussed, guartz is present as fairly large unstrained colourless plates. 

Dark brownish biotite auite distinct from the above-mentioned alteration 
product, may be present in the hornfels, but as is revealed by Table 3 iis 
not a prominent constituent. In one case it was observed that a grain of 
magnetite was fringed partly by biotite and partly by sillimanite. 


*) The cleavage is parallel to (010) if the crystallographic orientation of sillimanite 
given by A. N. Winchell (81, p. 200) is adopted. Adopting the orientation of Larsen and 
Berman (33, p. 120) this cleavage direction becomes parallel to (100). 
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The feldspars, both plagioclase and orthoclase, do not occur in the hornfels 
now under discussion; though in some rocks from Tafelberg, for example, a 
multiply twinned plagioclase with An-content of 40%, and untwinned, evenly 
extinguishing non-perthitic orthoclase with 9V. — "72 are present in moderate 
AMOoUNtS. 

The absence of feldspars, the small amount of biotite, and the presence of 
almandine, cordierite, sillimanite, dguartz and iron ore in the Hoedkop— 
Hartseerkop hornfels, indicate a special magnesio-aluminous sediment practically 
free from alkalis and lime, as the original material of this hornfels. 

Another hornfels found next to the one just described shows interesting 
points of difference... Garnet is absent and concomitant with the absence of 
garnet is the absence of sillimanite which forms fringes around the magnetite 
in the sample previously discussed. In fact, iron ore itself is of less importance 
and only occurs as smaller sized rounded grains. A small amount of plagioclase 
(An.,.) as well as a little hypersthene is present in this rock. In thin section, 
however, it appears that the bulk of the rock is constituted of micrographice, 
myrmekitic or moss-like intergrowths (see Fig. 3) of varying coarseness which 
were at first taken to be intergrowths of feldspar and duartz. On closer 
study, however, it was established that the host mineral in these intergrowths 
is cordierite and not a feldspar. Orthoclase was not recorded in this thin section 
and plagioclase which is present is clear and unaltered, while the host mineral 
shows various stages of pinitisation. In fresher portions of the host canary 
yellow pleochroic haloes are seen around inclusions, which also suggests 
cordierite. 'Twinning was still discernible in the less altered portions, and 
investigations by means of the U.M. stage proved beyond doubt that this twinned 
and altered mineral is cordierite and not a feldspar. 

The cordierite may in the first place be altered to a greyish-yellow low 
birefringent pinite, but some of the host portions may also show “ultra blue” 
anomalous ijinterference tints indicating penninitic chlorite. Finally a pale 
yellow to orange coloured biotite may take the place of the original cordierite 
within the micrographic or symplektitic *) structure, especially in the vicinity 
of magnetite grains. As far as the author is aware no analogous micrographic 
or symplektitic relationship of cordierite with duartz has been previously 
described. W. R. Liebenberg (39, p. 103), however, remarked on the occurrence 
in cordierite hornfels of the Marico district of “intergrowths of alkali feldspar 
and duartz, not identical with micropegmatite in the diabase, but being more 
irregular and of a vermicular form” and furthermore stated that (p. 103) “no 
free alkali feldspar was observed”. Further details on these intergrowths have 
not been given, but seeing that free alkali feldspar is absent as stated, it is 
possible that the mineral of the intergrowths considered alkali feldspar by 
him, may in reality be cordierite. 

On some of the symplektitic patches of duartz and altered cordierite, 
granular, dendritic or aborescent growths of a mineral with fairly high relief 
were observed. Alongside magnetite grains, however, the granules attain a 
larger size and the following properties can be determined. The mineral has 
low birefringence, high relief, and in larger grains a distinct green-pink 
pleochroism is visible. Furthermore it shows straight extinction and a negative 
optic axial angle. 'This mineral is undoubtedly hypersthene. 


*) See A. Holmes (30, p. 220). 
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Hypersthene is not at all an uncommon mineral in such high grade 
pornfelses. H. H. Read (52, p. 620) recorded '“ramifying intergrowths” of 
hiypersthene with cordierite in a cordierite-garnet hornfels from a xenolith in 
the Haddo House gabbros of Aberdeenshire. Hypersthene was als. observed in 
certain contact rocks in the Bushveld aureole by A. L. Hall and C. Gardthausen 
(23): A. L. Hall and A. L. du Toit (22) and W. R. Liebenberg (39). In all these 
instances the presence of this mineral is ascribed to addition of material by 
the ncrite magma to the contact rock. In describing a hypersthene bearing 
contaat rock from the floor of the Complex at the Hartebeestpoort dam, Hall 
and du Toit (22) state (p. 18) that “the rock is not a pure hornfels, since it has 
assimilated igneous material from the overlying norite, as shown by the presence 
of a good deal of hypersthene”. 


Fig. 3. Cordierite-guartz myrmekite from a hornfels of the 
Hoedkop-Hartseerkop sector. X49 


A. L. Hall and C. Gardthausen (23), in their study of some remarkable 
xenoliths of altered shale from the norite of the Potgietersrust district, made 
the foJlowing remarks on the occurrence of hypersthene in these inclustons* 
“The amount of cordierite decreases markedly as the amounts of byroxene and 
blagielase increase.” And further: “In the coarser types, where cordierite is 
abundant, pyroxene occurs sparingly, compared with the finer graimed variety 
where it is plentiful, while cordierite is guite subordinate.” In the rocks OË 
the present area, however, fine-grained varieties were not observed, but the 
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coarser grained types agree with those described by A. L. Hall and C. Gardthausen 
in that they contain small amounis of hypersthene only. 'This mode of 
hypersthene occurrence according to them, also refiects an addition of basic 
material from the norite to the original shaly rock while the latter was 
undergoing contact metamorphism. 

The thin sections of the Tafelberg hornfelses show essentially the same 
characteristics and mineral content as the type hornfels already discussed. 'The 
association garnet-magnetite-sillimanite-duartz is again a prominent feature 
but in this case the iron ore cores rimmed by sillimanite, instead of being pure 
magnetite, usually hold varying dguantities of a dark green spinel (Fig. 4). 


Fig. 4. Garnet-spinei (fine stippling) symplektite, associated With 
sillimanite (ruled), magnetite-spinel (black), duartz (medium 
stippling) and cordierite (coarse stippling). X 44. 


Furthermore, the occurrence of a garnet-spinel symplektite was observed in 
some of these sections. In one such case the entire garnet crystal is studded 
with small irregular, almost vermiform bodies of the dark green spinel 
(chlorospinel). (See Fig. 4) Just next to this crystal, magnetite-spinel cores 
fringed by sillimanite and accompanied by duartz were observed, so that a 
definite relation between garnet, magnetite-spinel, sillimanite and duartz seems 
to be clearly indicated. 
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Similar phenomena, viz. garnet-spinel and garnet-guartz symplektites, were 
observed by W. Larson (34) in the highly metamorphic members of the 
Fennoscandian Complex at their contact with the basic rocks of the Nygard 
massif. 

He found medium dark grey rocks, which show a marked contrast between 
red garnet, greyish-green cordierite and plagioclase on a fresh fracture, and 
insignificant parallel structure. 'This description agrees remarkably well with 
the macroscopic description of the garnet-cordierite hornfels (the type hornfels 
of the Hoedkop—Hartseerkop sector). He also expressed the opinion that the 
Nygard metamorphic rock had undergone hybridisation at the contact with 
the Nygard massif. 

In describing the microscopic features he states that the hypersthene which 
is present reacts, especially with cordierite and plagioclase, and becomes replaced 
mainly by garnet and duartz, thus forming garnet-guartz symplektite. He 
furthermore observes (34, p. 28) that when hypersthene and especially magnetite 
are in contact with cordierite, green spinel (pleonaste) takes the place of duartz 
in the myrmekitic intergrowths resulting thus in garnet-spinel symplektite. He 
maintains that the garnet and spinel are formed from magnetite and cordierite 
and that the chemical nature of this process may be portrayed in the 
following schematic way: 


3 MgAl,Si,O,, 4 13 (FeO. Fe,O,) — 4 (FeO. ALO,) - 10 Fe,O, - 
Cord. Magn. Spinel Hematite 


2 Me,AlSL,O,. 4 3 Fe,Fe,Si,O,, 
Garnet 


In such a process magnetite may be used up in the formation of garnet. 

In the high grade hornfels of 'Tafelberg, however, where symplektitic 
phenomena were observed, they cannot be accounted for in the manner 
indicated above. In these thin sections garnet does not appear to grow at 
the expense of magnetite. In some of these rocks, while garnet was almost 
absent, magnetite fringed by a coarse rim of sillimanite was prominent. 'This 
would further tend to indicate that the magnetite and also the bordering 
sillimanite are formed as products of some reaction, and that it is not the 
magnetite which partakes in a reaction with cordierite to produce garnet as 
postulated by W. Larson. Also, the close association of these sillimanite- 
bordered magnetite inclusions in the host garnet (Fig. 4), together with the 
presence of spinel, conveys the impression that it is the garnet which is 
disintegrating, giving rise to magnetite, sillimanite, spinel and also guartz. 'The 
further fact that some of the opaaue cores within sillimanite consist of a mixture 
of magnetite and green spinel, suggests that these latter two minerals are 
products yielded by the same process, and that the spinel does not arise from a 
reaction of magnetite with cordierite as indicated in the formula above. 

Taking all the available microscopic evidence into consideration, it appears 
that in the hornfelses of the present area it is the substance of the garnet 
which constitutes the source of the garnet-spinel symplektite, and the magnetite- 
spinel, sillimanite, duartz association oecurring within the garnet hosts. 

As the metamorphism is essentially of a contact nature, the above deduction 
is also in accordance with the well established fact that a garnet of almanditic 
affinities (n — 1.787) is unstable in contact zones. 
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According to its refractive index and its specific gravity (4.0) this garnet 
probably corresponds in composition to Al, PY,, or approximately Al, PY,. 
(cf. A. N. Winchell (81, Fig. 97) 1 


By breaking up such a complex garnet the products observed above, 
viz. magnetite, spinel, sillimanite and duartz, may be got. Such an alteration 
may be schematically represented by the following eguation: 


3 FeAlSiO, - 2 MgALSiO., —- 


Garnet 
Fe,O, 4 6 Me(Al, Fe),O, H 2 ALSO. -- 13 SiO, 
Magn. Chlorospinel Sillimanite Oz. 


Should the garnet in itself be too poor in magnesia to yield spinel in the 
alteration process, it may easily be visualised that some of the cordierite present 
took part in the reaction to supply the necessary amount of magnesia. 'That 
this was probably sometimes the case, is evidenced by the occasional occurrence 
of a few fairly large flakes of biotite associated with the garnet and also with 
the sillimanite around some of the iron ore cores. 


J. Willemse (79, p. 5), in his paper on the Vredefort rocks, holds that 
cordierite does play an important part in the transformation of garnet. But 
the alteration of garnet, where kelyphitic borders of pyroxene were formed on 
the rims of the former mineral as described by him, was not observed in the 
rocks under discussion. 

It is therefore maintained by the author that garnet becoming unstable 
under conditions which prevailed in the high grade hornfelses, dissociated, with 
or without the aid of cordierite, to yield the characteristic mineral association 
magnetite (- spinel, sillimanite and duartz. 

In reviewing the nature and cause of the metamorphism, and the nature 
of the original material which gave rise to the hornfels, the author wishes 
to draw attention to the following: 


1. From the description of the mineral content of these rocks, and from 
Table 3, giving the mode of the typical hornfels, it is evident that 
alumino-silicates of iron and magnesium were the most important 
constituents. Except for moderate amounts of plagioclase and orthoclase 
in a few of these rocks, lime- and alkali-alumino-silicates are generally 
almost absent. One may therefore reasonably infer that the original 
material must have been a special Me-Al bearing sediment with variable 
dguantities of iron (shown by the varying amounts of ore in different 
rocks). Probably the original rock was an alumina-rich shale containing 
fairly abundant chloritic material, the latter accounting for the high 
Mg-content, displayed by the metamorphosed product. Silica must 
always have been present in excess, With the result that corundum 
bearing hornfelses, so commonly found in thermally altered shaly 
xenoliths in the basic rocks of Aberdeenshire Icf. H. H. Read (52) |] were 
never formed in this area. 
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9. 'Taking into account the evenly extinguishing nature of the dguartz, the 
orthoclase and the cordierite; the fact that cordierite is not 
characterised by large numbers of small inclusions, the unzoned nature 
of the plagioclase; the mineral assemblage in general, and also the 
coarse grain of the rocks, it must be concluded that high temperature 
played an important part in the metamorphism. Evidence of high 
temperature and intense recrystallisation is further supplied by the 
symplektitic relationship of cordierite and dguartz, and of garnet and 
spinel: and also by the fact that in these rocks, sillimanite occurs to 
the exclusicn of andalusite [cf. also S. R. Nockolds (48, p. 484) 1. 


It is the authors opinion that the metamorphism 'induced by the 
Namadgualand granite was relatively insignificant, but that the basic intrusives 
of pre-granitic age associated with the rocks of the Kheis system probably 
played an important part in the high grade metamorphism displayed by 
the hornfelses. 

The field evidence reveals that in most cases remnants of these basic rocks 
occur in close association with the hornfelses and high grade para-gneisses 
(see Chapter IV). In the case of the type hornfels of Hoedkop—Hartseerkop, 
however, no actual outcrop of the norite was found in the vicinity of the 
hornfels, but such may lie hidden under the soil. 

These hornfelses are thus considered to be the high grade metamorphic 
products of certain shaly material acted upon by the noritiec rocks of pre-granitiec 
age. 'The existence of similar metamorphic rocks at the contacts of shales with 
the norite of the Bushveld Complex has already been mentioned, and it has 
also been pointed out that the occurrence of hypersthene and also plagioclase 
in these were taken as being indicative of the addition of material from the 
norite to the shale. 

The fact that hypersthene, though in small amounts, is found in some of 
the hornfelses of the present area, while it is absent from others, may 
conseguently also be taken to indicate that the pre-granitic norite not only 
Supplied the high temperature necessary for the contact metamorphism, but 
sometimes also contributed igneous material to the shale. If such a contribution, 
however, did take place, it is obvious that it must have bee of very 
limited nature. 

The occurrence of almanditic garnet in such high grade contact metamorphic 
rocks is anomalous, but it has been amply indicated that it is unstable and 
that it is being transformed to more stable minerals. 'The presence of garnet 
is probably due to conditions of stress which prevailed in these rocks before 
the culmination of the thermal metamorphic process. 'This problem will be 
discussed more fully below. 


Cordierite-garnet Para-gneisses 


These para-gneisses are again subdivided into two sub-groups, mainly on 
the nature of the original sediment from which they were formed. (i) Those 
gneisses which originated from shaly material and in which cordierite is very 
prominent. 'They differ from the hornfelses mainly on structural grounds. A 
more or less banded structure is present owing to the fact that the amplitude 
of diffusion was slightly less than in the case of the hornfelses. (ii) The 
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second sub-group includes the light coloured more siliceous gneisses in which 
cordierite and garnet are sparingly represented and which grade into what 
may also be called metamorphic guartzites. 


(i) These include the garnet bearing cordierite-gneisses of Bitterfontein 
station and also a few garnet-cordierite rocks from Geelputs. 


Microscopically they are seen to consist mainly of cordierite, guartz, potash 
feldspar, with biotite, plagioclase, garnet, magnetite and sillimanite in order of 
abundance. A green spinel occurring as blebs in large cordierite crystals, was 
observed in one thin section. 


The cordierite without well defined crystal outline, forms large porphyroblasts 
sometimes nearly one inch in diameter. In between these cordierites is a 
groundmass consisting of feldspars, duartz, smaller amounts of biotite and 
small irregular cordierites. 'The average grain size of these is not more than 
2-3 mm. lIn all minerals of the groundmass crystal faces are wanting and 
outlines are irregular, so that the micro-structure of this rock may be described 
as porphyroblastic and xenoblastic. 'The biotite is better developed along 
certain parallel directions and indicates a difference in the composition of 
original sedimentary laminae. The biotite of these layers, however, does not 
show a unidirectional orientation. 


The larger cordierite crystals reveal various stages in its alteration to 
yellowish pinite. The final alteration product may approach yellowish-brown 
biotite in appearance. “Ultra blue” penninite was also observed on areas of 
altered cordierite. When fresh, this mineral holds a moderate amount of 
smallish dustlike inclusions, indicating that the recrystallisation was not as 
complete as in the hornfelses, in which the cordierite was almost devoid of 
smaller inclusions. 'The large porphyroblasts of cordierite also exhibit peculiar 
twinning patterns (see p. 142). 'The smaller cordierites of the groundmass show 
rounded inclusions of almost all the other mineral constituents. Around 
grains of apatite and zircon yellowish pleochroic haloes were observed. 


@uartz which is sometimes fairly abundant in these gneisses is usually 
eracked, the cracks being infilled with chloritic and sericitic material. 'The 
duartz of the gneisses shows a more undulose extinction than the duartz of 
the hornfelses. 


Potash feldspar is usually more abunidant than plagioclase, but in the 
gneisses of Geelputs plagioclase is fairly well represented. 'The potash feldspar 
does not exhibit any significant cross-hatching but a minutely developed 
perthitie structure and bleb-like inclusions of duartz are duite common. 'The 
Orientation of the indicatrix and the optic axial angle (2V.— 80” and 2Va. — 18 
in different thin sections) determined by means of the U.M. stage indicate 
that either microcline or orthoclase may be the potash feldspar of the gneiss. 

The plagioclase of the gneiss of Geelputs is extremely sericitised. Although 
determinations by means of the U.M. stage proved difficult, An-values ranging 
from 35% to 40% were obtained. 

As well as the yellow alteration product after cordierite mentioned on the 
previous page, typical metamorphic biotite (cf. H. H. Read (52) 1 .is also 
present. It occurs as small laths in the groundmass and exhibits the usual 
pleochroism from almost colourless straw-yellow to deep reddish-brown. 
Tnclusions of iron ore, sometimes in the form of a rodlike magnetite, are fairly 
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common. Rutile needles were observed in a greenish biotite of the Geelputs 
gneiss. 


Garnet is sporadic in its distribution and in a thin section of one of these 
rocks, showing pink porphyroblasts in hand specimen, this mineral was absent. 
The garnet is pale purplish-pink and does not exhibit well formed Crystal 
boundaries. This mineral appears to be unstable and the following stages of 
its transformation are displayed in thin sections of the Geelputs gneisses. 
Firstly a rather fresh garnet with well defined cracks; then a garnet with 
wider cracks infilled by chlorite and segregations of hematite; and finally 
tortuous stringers of hematite with little islands of fresh garnet, situated in a 
matrix of altered cordierite, were seen. 'This indicates the formation of 
cordierite from iron bearing garnet, the excess iron being segregated to form 
hematite. 


Sillimanite, showing the same mineralogical features as in the hornfelses, 
occurs in only one thin section of a Bitterfontein gneiss. 'The mineral 
association garnet, magnetite-spinel, sillimanite, guartz, found in the hornfelses, 
was, however, not observed here. 


(ii) Occurring in conjunction with the rocks just described, are the light 
coloured gneisses occurring at Bitterfontein and south of Bitterfontein 
trigonometrical beacon. 'They consist predominantly of duartz, potash feldspar 
and plagioclase, forming a xenoblastic groundmass, in which biotite tends to 
occur in elongated shreds and plates. With increase of duartz the rock becomes 
a very light grey or even purplish-grey granulite or dguartzite. When biotite 
becomes more abundant, as especially in the finer grained type (average grain 
size less than 1 mm.), the rocks become darker and the biotite flakes exhibit 
a preferred orientation. As the felsic minerals showing little preferred 
Orientation still form the main bulk of the rock, the name biotite gneiss may 
be retained. With a still further increase in biotite, the rocks may grade into 
biotite schists. 


In the siliceous gneisses the outlines of original sand grains may stil] be 
observed under the microscope in ordinary light, but when the nicols are 
crossed each of these grains are seen to consist of a number of smaller 
interlocking grains of different orientation. 


Cordierite occurs very sparingly as rounded grains with bleb-like inclusions. 
It is extremely altered forming a yellowish or orange coloured micaceous 
aggregate. 'The latter is an intermediate stage in the production of biotite 
from cordierite. 'This type of biotite growing on crystals of cordierite is clearly 
distinguishable from the darker coloured metamorphic biotite. 


Garnet also is rare and irregularly distributed; a few grains of a light 
pink garnet were usually observed in some of these light coloured gneisses 
from Bitterfontein station and in one of those occurring south of Bitterfontein 
trigonometrical beacon. Some of the garnet grains on alteration are 
characterised by the presence of reddish iron oxide. 


Of the feldspars, the potash feldspar is a little better represented than 
plagioclase. The former exhibits the peculiar cross-hatching of microcline, but 
perthitiec structure is usually absent especially in the gneisses of smaller grain 
size. 'The plagioclase is an oligoclase showing fine twinning lamellation and 
small extinction angles in sections perpendicular to the albite twin lamellae. 
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Some of these plagioclases, however, are andesine, as an anorthite content as 
high as 35% has been revealed by U.M. stage measurements. 

Sericite is present as small flakes scattered through the thin section. 'This 
is not an original mineral and therefore it does not indicate a low grade of 
regional metamorphism of the sediment, but is clearly an alteration product 
after potash feldspar. 

If a comparison is now drawn between the coarse-grained cordierite-garnet 
gneisses and the finer grained light coloured, more siliceous gneisses, which 
have been previously discussed, the following facts may be mentioned: 


1. The light coloured gneisses are poorer in the higher-grade index 
minerals, garnet and cordierite, than the coarse-grained gneisses. 


2. The latter rocks have a higher biotite content and concomitantly also 
show a better developed foliation than the former. 


3. Sillimanite, a mineral signifying the highest grade in both thermal and 
regional metamorphism, is absent from the siliceous gneisses, but was 
observed in some of the coarse-grained cordierite-garnet gneisses. 


These facts would tend to indicate, as has been already intimated, that 
the difference in appearance of these two rock-types is chiefiy due to the 
Composition of the original sediments. 

According to A. Harker (24) such light coloured gneisses as described 
above, may be taken as belonging to the garnet zone of regionally 
metamorphosed, slightly impure arenaceous sediments. He maintains that if 
garnet is absent in such rocks its absence is mainly due to the purer nature 
of the sediment (24, p. 247). Mineralogically, the rocks called siliceous gneisses 
in the above text closely conform to certain light coloured rocks which he 
(24, D.:247) describes as follows: 

“Two feldspars are constantly present, often in such a duantity as jointly 
to outweigh duartz ... . Feldspars and duartz together make a granoblastic 
aggregate, through which the flakes of mica are scattered. Biotite predominates 
over muscovite, and shows a deep brown colour with intense pleochroism.” It 
must be noted here that muscovite was, as a rule, not observed among the 
gneissic rocks of the present area. 

Should one, however, postulate a regional metamorphism of the original 
sediments one is confronted by serious difficulties, viz. the absence of typical 
stress minerals, staurolite and kyanite from a rock series in which garnet and 
also sillimanite are represented; the feeble schistosity in most of the rocks; and 
the ubiduitous occurrence of cordierite, a typical anti-stress mineral. 

The characteristics shown by the group of metamorphic rocks now under 
discussion, however, agree closely with those considered by A. Harker (24) as 
typical of rocks under regional metamorphism with deficient shearing stress, for 
example certain rocks of Aberdeenshire and Banffshire, Scotland. According 
to him (p. 233) cordierite in such a case becomes important only in the highest 
grades, and the resulting cordierite gneisses are often of coarse grain. He 
states further that pleonaste may appear as inclusions in cordierite, provided 
that chlorite was an important original constituent of the sediments and that 
the place of andalusite is taken by sillimanite. (Note the absence of andalusite 
from the cordierite gneisses of Bitterfontein.) 
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Furthermore, A. Harker, in describing the characteristics of these rocks 
of Aberdeenshire and Banffshire, says (24, p. 234): “As a rule, the mica is biotite 
only, muscovite having given place to potash-feldspar which may become an 
important constituent — a feature doubtlessly related to the diminished infiuence 
of the stress-factor.” 

The absence of garnet in rocks undergoing regional metamorphism under 
deficient shearing stress he explains as follows (24, D. 245): 


4 Garnet -- 2 Musc. 4 3 @t. — 8 Cordt. 4 2 Biot. 
10 Garnet -4- 5 Musc. — 6 Oordt. - 8 Pleon. -A- 5 Biot. 


Or again: 


9 Garnet - 4 Musc. 4 9 @t. — 8 Cordt. -4- 4 Ortho. 4 4 H,O 
Garnet -- 2 Musc. — 3 Pleon. -- 2 Ortho. - 2 H.O 


“Here the left side may be take to represent the normal stress-association 
and the right that which replaces it when shearing stress is no longer 
effective.” 

That such edguations portray what actually happened in the Bitterfontein 
gneisses may be assumed on the ground that the mineral associations shown 
on the right hand side are of duite common occurrence, while the garnet- 
muscovite association on the left hand side was never observed. Alihough 
not in association with muscovite, garnet occurring together with cordierite 
was still present in these gneisses. 'This garnet-cordierite association was also 
observed in rocks of the Ellon district of Aberdeenshire, Scotland. For this 
phenomenon A. Harker (24, p. 235) offers the following explanation: 

“These garnet-cordierite gneisses must therefore represent, With respect to 
the physical conditions governing their production, an jintermediate case 
between that of simple cordierite gneisses, and that of ordinary garnetiferous 
gneisses. It appears that the balance represented by the above eguations is 
one which is very sensitive to variation in the intensity of shearing stress. 'The 
garnet is often to be observed in the process of destruction, being replaced by 
biotite, cordierite and pleonaste, indicating a decline of the stress-factor while 
high temperature still continued.” 

Considering the various stages of alteration of the garnet observed in the 
gneisses of Geelputs, Bitterfontein and also in the hornfelses of Tafelberg in 
the light of the explanation offered above, the anomalous occurrence of this 
mineral in association with cordierite in the high grade metamorphic rocks 
of the present area may be taken as supporting the view that a regional 
metamorphic process was at work in which the decline of the stress-factor 
was accompanied by a persisting high temperature. 

It has been already pointed out previously that certain basic intrusives of 
noritie nature were found in association with the hornfelses, and that they 
were responsible for the high grade contact or thermal metamorphism of these 
hornfelses. Basic rocks of the same type and age were also found associated 
with gneissic rocks of Bitterfontein and Geelputs and were probably the agents 
of high temperature alterations in those rocks. 'The pre-granitic rocks are 
therefore considered as the source of the heat which maintained the persisting 
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high temperature, referred to above, while the stress-factor of the regional 
metamorphism was waning. 

It may be concluded therefore that the sediments of varying composition 
constituting the Primitive or Kheis system in the present area were undergoing 
a regional metamorphism of a moderate nature. Locally at least, conditions of 
the garnet zone were realised in this process as evidenced by the presence of 
garnet— or relics of it— in some hornfelses, cordierite gneisses and light 
coloured siliceous gneisses. 'Then intrusion of a basic magma took place, 
probably at fairly great depth, which increased the temperature of these 
sediments while the stress-factor in the regional process was diminished. Rocks 
were thus formed in which the results of high-grade contact or thermal 
metamorphism were superimposed on those of a moderate grade of regional 
metamorphism giving risé to such mineral associations as garnet-cordierite for 
example, where the garnet exhibits definite signs of being remodelled into 
more stable “contact” mineral associations. 

The only real variation in metamorphic grade, encountered in the 
hornfelses, high grade cordierite-garnet gneisses and the light coloured gneisses 
is revealed by the presence or absence of the mineral sillimanite, and by the 
degree to which foliated or gneissic structure had been retained or destroyed. In 
the hornfelses sillimanite is characteristic and foliated structure absent. In the 
Ccoarse-grained gneisses the gneissic structure is poorly developed and sillimanite 
is rare. 'The light coloured gneisses in which biotite is present in fair 
amounts, exhibit gneissic structures, sometimes rather well developed; but 
sillimanite was not observed in them. 'These facts indicate that the final 
metamorphic products were directly related to the thermal element in the 
metamorphism, as garnet, signifying the degree of regional metamorphism was 
present in all types alike. That the high temperature was not created by the 
intrusion of the much later Namadualand granite is shown by the distribution 
of the' above-mentioned rock-types with regard to their contacts with the 
granite in the oceurrence at Bitterfontein station, where the sillimanite bearing 
cordierite-garnet gneiss occurs almost in the middle of the strip of older 
rocks. (For further discussion on the metamorphic infiuence of the granite 
see p. 180. 

The noritic basic rocks subseguently suffered very little retrograde 
metamorphism —in fact, they are usually duite fresh— and were thus not 
affected by the regional metamorphic process indicating that their intrusion 
marked the termination of that process within the Kheis sediments. 


Mineralogical Notes on Cordierite 


Cordierite, the most important constituent of the high grade hornfelses 
and also abundant in the cordierite-gneisses, exhibits peculiarities which warrant 
a somewhat more detailed discussion. 

This mineral usually occurs as shapeless grains in thin sections of these 
rocks, and sometimes gives the impression of being the matrix in which the 
other constituent minerals are set. 

When altered, the cordierite is easily recognised by its distinctive yellowish 
pinitic alteration product. A notable exception, however, was the altered 
cordierite occurring in symplektitic relation with duartz, which was difficult to 
recognise at first. When fresh, this mineral is difficult to recognise, as inclusions 
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are not particularly abundant and are scattered evenly through cordierite, 
feldspar and duartz alike, and if in such a case the characteristic pleochroic 
haloes are wanting, Cordierite will not be suspected. Fortunately haloes are 
generally encountered around inclusions of zircon grains but are not abundant. 

The mineral is perfectly colourless and does not reveal the slightest degree 
of pleochroism, indicating a low iron content. In this connection it may be 
useful to recall L. L. Fermor's remarks on the iron content of cordierite as 
revealed by colour. In contributing to a discussion on a paper by C. E. Tilley 
(71, p. 71), he said: “The Scottish cordierite with a ferrous oxide: magnesia 
ratio of 1:1 is faintly violet in thin section and the Indian cordierite with 
very little magnesia is strongly So.” 

Cordierite very often shows twinning. In the gneisses from Bitterfontein 
and some of the Tafelberg hornfelses the fresh twinned individuals were at 
first confused with the egually fresh twinned plagioclases. 'The twinning as 
seen in thin section is lamellar and simulates twinning in the plagicclase 
according to the albite law. 'The twinning lamellae in cordierite, however, are 
usually broader and ihe composition planes less regular than in the case of 
the feldspar. 'The twin lamellae projecting from one boundary of a crystal 
pinch out in the core of the crystal before reaching the other boundary 
(Fig. 5). Two sets of twin lamellae orientated at more or less 60” to each other 
may be present and sometimes they only aifect the borders of large crystal 
grains while the greater part of such crystals are unaffected by the twinning 
(Fig. 5). 'True pseudo-hexagonal twin patterns showing alternating light and 
dark sectors under crossed nicols as indicated by A. N. Winchell (81, p. 309) 
were not observed. 

When the optical directions of the individuals in lamellar twinned cordierites 
are determined by means of the U.M. stage and plotted stereographically, and 
the plots are then fitted on to the ordinary plagioclase diagrams, a composition 
of just over 30% anorthite is indicated on the “Baveno Curve”. J. Willemse 
(79, p. 63) also remarked on this peculiarity of cordierite, but recorded 28% An 
as the anomalous plagioclase composition suggested by the cordierite plots. 

Twinned cordierite is, however, easily distinguished from plagioclase of a 
composition of An,, by means of the U.M. stage on two main points, namely: 


(a) When a of one of the individuals of a twin is parallel to the K-axis, 
the whole twinned crystal is at the same time in a position of 
extinction [cf. J. Willemse (79, p. 64) 1. 'That is, the & directions of 
individuals of the twin coincide. 

(b) Furthermore B, y and composition face poles of all the individuals of 
such a twin lie on the great circle of the common a pole. Fig. 5 is 
a Camera Lucida drawing of a host crystal of cordierite penetrated by 
two sets of twin lamellae. 


When this twinned individual was investigated by means of the Universal 


stage, it was found that (a) the (110) and (110) directions in the host represent 
the composition faces of the two respective sets of twinning lamellae; 
(b) (110) the pole of the CF. of the first set coincides with the y direction of 


the second set and conversely, (110) the CF. of the second set coincides with 
y of the first set; the angle between (110) and (110) being approximately 60”. 
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This twinned individual therefore represents a contact ceyclic triplet having 
(110) as composition face, (130) as twin plane and normal to (130) as twin 
axis [cf. A. N. Winchell (81, Fig. 231) 1. 

By making use of these distinctive twinning characteristics the mineral 
in symplektitiec relationship with duartz in the hornfels (p. 131) was, in the 
less altered patches where the twinning effect was still discernible, definitely 
determined as cordierite. 


Wo 


Fig. 5. A cordierite host crystal penetrated by two sets of 
twinning lamellae. X 47, 


In these cordierite twins the (010) cleavage parallel to y of the host, may 
sometimes be fairly prominent but does not coincide with the composition face 
of the twin — another characteristic in which cordierite differs from plagioclase 
with albite twin lamellae. 

The optic axial angle of the cordierite was found to vary between moderate 
limits. TU.M. stage determinations yielded the following results: 9V.,— 82 in 
cordierite Tirom 'Tafelberg hornfels to 2V.—88 in a specimen from the 
Bitterfontein cordierite-gneiss. A. N. Winchell (81) is of opinion that the size 
of the optic asial angle in cordierite may depend on its iron content. He 
states (81, p. 308): “The increase of the size of 2V (over X) from near OP” in 
artificial iron-free cordierite to 90” -- in very rare natural cordierite is perhaps 
due to increase in iron content.” Arguing thus, the cordierite now under 
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Fig. 6. Microcline appears to be replaced by oligoclase resulting 
in the formation of an albitic rim around the latter. X 43. 


discussion may be taken as an iron-rich variety, which is not in agreement 
with the deduction based on the evidence of its colour (see above). W. Larson 
(34, p. 24) in investigating colourless cordierite from the Nygard contact rocks 
recorded high negative as well as high positive optic axial angles for this 
mineral. He, however, maintains that no definite conclusions regarding chemical 
composition can be drawn from these results as the work of Pherman (34, p. 24) 
has indicated that the extreme iron-rich as well as the iron-poor cordierites 
have large negative optic axial angles, sometimes greater than 90”. 


Hornblende-epidote Gneisses and Schists 


The field relations and macroscopic features of the banded green rocks of 
the Bitterfontein—Kleinfontein sector have already been discussed (p. 107). It 
has also been pointed out that the green bands designate the original presumably 
sedimentary material, while the whitish or pinkish bands consist of granitic 
material injected into the green rock. 
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The dark or green bands usually contain the following minerals: plagioclase, 
duartz, hornblende, biotite, epidote, sphene and calcite: sometimes also a 
pyroxene was observed among the mafic minerals. 'The lighter granitic bands 
consist essentially of duartz and microcline. 

The rock is of fine- to even-grained nature, the average grain size 
being 4.5 mm. 'The plagioclase and duartz which predominate in the darker 
bands form a granoblastic groundmass but the hornblende and biotite impart 
a definite foliated structure to the rock in thin section. 'The variation of the 
amount of different minerals, especially the guartz, in parallel streaks within 
the green component of the rock, indicates the difference in composition of 
the layers, which originally constituted that rock. 'This feature points to a 
sedimentary derivation of the original green portion. 

The plagioclase is usually an oligoclase with average anorthite content 
of 18%. In one thin section the plagioclase varies (in composition) from 
An; to An, A value of An, was recorded in a thin section of the green 
schist south of Bitterfontein station. 'This mineral contains inclusions of 
epidote and irregular flakes of sericite. Hornblende was also seen to grow on 
grains of plagioclase. All these characteristics indicate that the plagioclase 
had not undergone advanced recrystallisation. Alpitic rims round the oligoclase 
do occur but this phenomenon is by no means conspicuous. 'The crystal 
boundaries of the oligoclase are usually demarcated by fine granular epidote and 
less freguently also, by minute needle-like prisms of hornblende. 

The hornblende is of a light greenish colour and is weakly pleochroic in 
tints varying from a light yellowish-green to a light bluish-green. 2Va of this 
mineral ranges from 80” to 85” and v/c from 20” to 22”. It may occur as 
granular crystals, holding cores of a monoclinic pyroxene in a few exceptional 
cases. 'The most common habit is that of ragged aggregates (usually less than 
1 mm. long) consisting of parallel acicular prisms. 'The hornblende, and also 
the biotite when present, is usually fringed by golden-green granules of 
epidote. Epidote also occurs as well crystallised stout prisms. 

Biotite was only observed in a few of the thin sections studied. It is of 
a dark brownish-green colour, shows high birefringence and holds abundant 
webs of rutile needles. lron ore in small fragments is usually associated with 
this mineral When biotite decreases or is absent, titanite may become an 
important accessory. COalcite is not abundant but may occur together with 
hornblende on ecrystals of plagioclase, but chlorite was not observed in 
these rocks. 

The duartz of the white bands occurs as stringers or elongated patches 
within the green material. ln this case it shows a uniform orientation over 
relatively large areas, though the extinction is extremely undulose. In this 
respect it differs from the guartz of the green bands. In the latter case the 
boundaries of the original duartz grains are still visible in ordinary light, but 
under crossed nicols one such grain is resolved into an aggregate of variously 
orientated interlocking fragments, indicating that recrystallisation of the 
original product has taken place. 

The microcline (2V.— 83”) is definitely related to the introduced granitic 
material. 'This mineral may sometimes attain porphyritic status forming grains 
up to 3 mm. in diameter, and usually it exhibits a fine vein- or hair-like 
perthitic structure. Occasionally the microcline completely envelopes irregular 
and scattered grains of minerals comprising the green bands. 
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In a thin section from a uniformly green gneiss, from which the pinkish 
layers are absent, microcline is also absent; a fact which proves without doubt 
that the microcline in the banded green rocks is derived from the white or 
pink injected granitic material. A definite directional texture, caused by the 
Orientation of the mafites and the elongated duartz grains, is still recognisable 
in this rock. 'The original layering of this rock is also revealed by the 
microscopic bands, alternately richer in duartz and in oligoclase. 

In the guartz-rich bands the main mafic mineral is a dark green monoclinic 
pyroxene fringed by a granular titaniferous mineral. 'Titanite is also present 
in larger rounded grains or as recrystallised rims around magnetite. 'The 
pyroxene has 2Vy— 60”, ve —40” and a high birefringence. These properties 
suggest a diopside. In this rock, biotite is wanting and it is duite probable that 
the prevalence of titanium minerals is due to the destruction of biotite containing 
abundant sagenite, with advance in the grade of metamorphism. 


In the less dguartz-rich bands of the rock the monoclinic pyroxene occurs 
only as small cores within some of the aggregates of parallelly disposed 
hornblende needles. 'The birefringence of these core pyroxenes is lower than 
that of the pyroxene in the adjacent duartz-rich layers. In layers poorer in 
dguartz, epidote as well as calcite occur in conjunction with the hornblende. 'The 
above observations may be interpreted as follows: the original material which 
gave rise to the hornblende-epidote-calcite-rich layers contained a fairly large 
amount of chloritic material together with duartz and calcite while the 
duartz-rich layers, having diopsidic pyroxene as the only mafic mineral, 
designate an original material in which only a moderate amount of calcite 
and perhaps very little chlorite were admixed with the duartz grains. 


In general it would appear that the green material originally was a 
moderately calcareous sediment holding varying amounts of chlorite. 'The 
presence of the pyroxene, however, creates some difficulty. It is not easy to 
decide from the available evidence whether this mineral must be considered 
as a Trelic derived from a basic rock, which has escaped destruction during 
metamorphism, or whether it is a true metamorphic mineral. 

Green rocks, hornblende-epidote-albite schists, according to description, not 
unlike the green rocks discussed at present, were described by C. BE. 'Tilley 
(69, p. 185) from the so-called “Green Beds”. .These rocks he took to be 
regionally metamorphosed products of various basic igneous rocks. According 
to him (p. 197), hornblende takes the place of chlorite in these rocks in the 
stage succeeding the chlorite zone, the former mineral beginning to appear as 
fine acicular needles which may develop poikiloblastically within the albite. 'The 
green rocks of the present area, however, can hardly be considered as directly 
metamorphosed basic rocks as they contain too large a proportion of duartz. 

These rocks, however, show a still better agreement with the description of 
duartz-rich “green beds” of the Scottish Dalradian, studied by F. C. Phillips (49). 
From the field characteristics, especially in rocks of the lower grades, he 
concluded that these “green beds” are of sedimentary origin, although they 
possess distinctive chemical characteristics most readily explainede by fairly 
direct derivation from basic igneous rocks and deposition without much admixed 
material. If the green rocks of the Bitterfontein—Kleinfontein area are 
considered in this light, one may be able to account for the presence of 
monoclinic pyroxene cores in the hornblendes of these rocks by assuming that 
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they represent unweathered pyroxenes present in the original sediment. On the 
other hand the pyroxene may still be considered as a direct metamorphosed 
product from calcareous-guartzose rock, as set out above. 

Another point of difference between the “green bed” rocks and the present 
rock-types is created by the composition of the plagioclase. Freguent mention 
of albitic schists is made by A. Harker (24), F. C. Phillips (49) and C. E. Tilley 
(69). The feldspar of the rock-type now under consideration is not an albite, but 
oligoclase (An,.); exceptionally also oligoclase-andesine (An,) was found. 'This 
greater anorthite content of the plagioclase probably indicates a higher grade 
of regional metamorphism than that which was attained in the albitie schists 
of the “green beds”. 

The chloritic-calcareous sediments, resulting in the formation of “green 
beds” of the Scottish Dalradian, were always found over large areas and it 
was possible to compare their products of metamorphism with those of the 
associated argillaceous zones in the same vicinity. 'The distribution of green 
gneisses and schists in this area, however, is of a limited nature. Despite this 
fact, they nevertheless show important variations in their mafic mineral 
associations. In the first place brownish-green biotite with webs of rutile 
needles may be associated with light green hornblende, both minerals being 
fringed by granules of epidote. In the second place biotite may disappear and 
hornblende and monoclinic pyroxene are present, with a concomitant 
development of titanite. Lastly, and also most usually, biotite as well as 
pyroxene are lacking and epidote and hornblende occur intimately associated. 
From these mineral associations it is clear that although the rocks are of 
limited distribution they cannot be assigned to a single zone of regional 
metamorphism. 

Although F. C. Phillips (49) found that a greenish-brown biotite in the 
Dalradian “green beds”, similar in nature to the mica occurring in the green 
gneisses and schists, was already developing in the chlorite zone, the absence of 
chlorite in the latter rocks seems to indicate that the regional metamorphism 
in ` the present case is at least as advanced as the biotite grade. The 
disappearance of biotite and the increase in hornblende associated with epidote 
signifies an even higher grade. F. C. Phillips (49, p. 252) maintains that 
hornblende, in rocks of original chloritic-calcitic constitution, is the dominant 
mineral in higher grades. He further considers that hornblende represents the 
calcareous content which was responsible for epidote in lower grades, and that 
as the latter disappears hornblende is formed with a resultant. rise in the 
anorthite content of the plagioclase. In the green rocks of the present area 
this statement cannot be fully tested as the rocks south of Bitterfoatein 
station, signifying the highest grade of regional metamorphism recorded, still 
contain epidote in association with hornblende. 

If the diopsidic pyroxene is considered as an ordinary metamorphic mineral 
and not as a relic mineral of some pre-existent basic rock or other, its occurrence 
together with aguartz and plagioclase, and its association with titanite as 
described previously, may also be taken as being indicative of a fairly high grade 
of regional metamorphism in an originally auartz-rich calcitic sediment 
(ef. A. Harker (24, p. 260, Fig. 128 (b)) 1. , 

In accordance with a postulate of A. Harker (24), viz. that garnet is not 
developed in the garnet zone of such moderately calcitie shales, and that 
hornblende takes the place of garnet and chlorite, the green gneisses and schists 
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may be considered as corresponding to a regional metamorphic grade at least 
as high as the “garnet zone”. He stated the following (24, p. 262-263): “About 
the middle of the garnet zone as laid down in ordinary argillaceous rocks, 
garnet in these semi-calcareous sediments fails, the remaining chlorite 
disappearing at the same time. 'Their place is taken by a green hornblende, 
formed by the reaction of these and perhaps other minerals with the 
calcite. There results a calc-hornblende-schist, containing in addition biotite 
and often muscovite . . . . Zoisite or epidote is often present; but these minerals 
dwindle as metamorphism proceeds, and are represented in the highest grades 
by a lime-bearing feldspar” (cf. remarks on previous page). He adds further 
that “where the carbonate in the original sediments was less abundant”— as 
was probably also the case in the green rocks of this area — “it has been wholly 
consumed in the reactions already discussed”. 


In summarising it may be said that the injected or banded green rocks, 
oceurring in the Kleinfontein—Bitterfontein sector of the area studied, are the 
products of a regional metamorphism of at least the garnet grade, having 
acted upon chloritic semi-calcareous shaly scediments, which may in turn have 
originated partly from the disintegration of a basic rock. 

In this respect it is noteworthy that petrographic studies suggest a similar 
grade of metamorphism for the light coloured gneisses associated with these 
green rocks, in the vicinity of Bitterfontein. (See Dp. 141) 'Thus the same 
ultimate result as regards the nature of the metamorphism of the different 
sediments of this area, has been arrived at by making use of two independent 
sets of evidence. 

In the banded green rocks very little trace of a thermal metamorphic 
infiuence due to the injected granitic material was observed; in any case, no 
results like those where a thermal metamorphic effect was induced on the 
hornfelses by the intrusion of basic material, were visible here. 'The further 


discussion of the mode of this injection and its effect on the green rocks, 
however, will be given in Chapter VII. 


Gneissic Rocks of Geelputs and Modderfontein 


Banded coarse-grained gneisses formed by the injection of granitic material 
into pre-granitic basic rocks (see p. 115) and also coarse-grained members 
varying in type from cordierite-rich gneisses to plagioclase-biotite gneisses 
were found at Geelputs. Similar coarse-grained rocks, viz. plagioclase-garnet 
gneisses, occur intimately associated with garnetiferous granite, aplites and 
pegmatites at Modderfontein (p. 115). 

The occurrence of garnet, and characteristics indicating a fairly high grade 
thermal metamorphism in these rocks, are all features well in consonance with 
the general nature of metamorphism postulated for rocks of the Primitive 
system of this area, viz. a regional metamorphism of the garnet grade on which 
was superposed a fairly high grade of thermal metamorphism by the intrusion 
of basic rocks in pre-granitiec times. 

Those rocks of Geelputs and Modderfontein exhibiting peculiarities which 


may be ascribed to the influence of the later Namadgualand gneissic-granite, will 
be discussed in Chapter VII. 
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Less Metamorphosed Sedimentaries 


The distribution of the purely sedimentary rocks of the Primitive system 
has been described in detail in Chapter IV. 'They mostly represent a very pure 
original sandstone or grit with a small amount of feldspathic material. Under 
the influence of a moderate regional metamorphic process, therefore, these 
sediments gave rise to rocks like the sheared duartzites consisting of 
orange-yellow micaceous material and grains of duartz. 

Within these sediments the pure sandstones have given rise to milk-white 
recrystallised duartzites, carrying occasional thin sheets of magnetite grains, 
imparting a distinct planar structure to the rock in the field. 

It is difficult from the material on hand to judge the grade of regional 
metamorphism attained. Magnetite recrystallising from any inherent iron oxides 
in the original sandstone, is usually an early product, but having nothing to 
react with in the pure sandstone, it remains as such in successive higher 
grades. So, too, the sericitic material in the sheared gritty rocks may indicate 
a low grade of metamorphism, but the same reasoning as above applies. If no 
chlorite or other impurities are present, the sericite will persist unchanged into 
higher grades. j 

The rocks of the whole sector of Breektand—Guaap seem to be least affected 
by metamorphism of any kind, and the regional metamorphism active on the 
Primitive rocks of this area must have been variable. 'The succession in this 
sector, however, is very purely arenaceous but shaly layers were found in the 
vicinity of the farm beacon south of Guaap, showing no visible signs of a moderate 
grade of the regional metamorphism, observed elsewhere. North of Guaap 
where the granite is again in contact with Primitive sediments, a small 
oceurrence of limestone was found near the granite contact (p. 111). A thin 
section shows some signs of recrystallisation but no reaction between the 
guartz, feldspar and calcite, which indicates the poor thermal metamorphic 
effect of the granite. 

In the area between the faults north of Hoedkop the same feldspathic 
guartzites were found right up to the contact of the granite. 'These consist 
of a granoblastic aggregate of auartz and plagioclase with a fair amount of 
sericite and epidote. 'These rocks indicate only a very moderate grade of 
regional metamorphism. lt may on the other hand be argued that the 
guartz-feldspar rock was originally of a higher regional grade, but that under 
the infiuence of the later granitic intrusion the plagioclase yielded epidote 
and sericite. 


VII THE NAMAG@UALAND GRANITE 


In this area we are dealing with the southernmost portion of the granitic 
rocks covering an extensive area in the North-Western Districts of the Cape 
Province. 'This granitic country stretches from just south of Nuwerus, past 
Springbok to the Orange River and from the west coast eastwards across the 
plains of the northern part of Bushmanland towards Kenhardt and Prieska. 
Apart from the Kuboos granite, and any other so-called younger granites 
or “Cape granites” which may be present in this area, all these granites and 
gneissic granites are intrusive into rocks of the Primitive systems and belong 
to the Fundamental Complex of Southern Africa. 
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According to T. W. Gevers and others (17, p. 28-29) and later also to 
C. B. Coetzee (11, p. 173), at least two different ages of granitic intrusions are 
represented in the Basement granites of the North-Western Districts. The older 
of the two, which is of smaller occurrence, is found in the north near the 
Orange River and was named “Old granite” or “Older Granodiorite” by 
C. B. Coetzee (11). 'The younger granitic intrusive which is usually of sa more 
or less gneissose nature and which constitutes the greater part of the 
Fundamental Complex in that area, has been called Namadgualand granite-gneiss 
or Namagualand gneiss-granite. [See T. W. Gevers and others (17, p. 29).] 

The granite cropping out in the area now under discussion is part of the 
younger of the two intrusions mentioned above, and the writer would prefer 
to call it Namadualand gneissic granite or simply Namadualand granite instead 
of Namadualand granite-gneiss, as the latter name lays too much stress on a 
gneissic character which, as will be pointed out, is not always so obviously 
developed. For the sake of brevity this Namadgualand gneissic granite or 
Namadgualand granite will often be referred to in the text as “the granite”. The 
name “Younger granite” will henceforth only be used to indicate the so-called 
“Cape or Nama granites”. When the term “gneiss”, without any further 
dualifications, is employed in the test, a metamorphic para-gneiss of pre- 
Namadualand granite age is implied. 

The Primitive sedimentary and igneous rocks are older than the granite 
and the intrusive relation of the granite with respect to these has been fully 
established (p. 106). 'The age relation between the granite and the younger 
Nama sediments will be discussed later (p. 181). 

In the field the granite outcrops are not continuous, owing to the nature 
of the surface. Fairly fresh samples could be procured from some of the hills 
and bare crags, while no outcrops were obtainable from the soil-covered low 
ground between these hills. 

In the koppies the exfoliation type of weathering is well displayed. Platy 
slabs peel of from the main mass, leaving smooth bare erags jutting from a 
sandy soil intermingled with half-disintegrated granitic rubble. Another mode 
of weathering of the granite is that observed along the major fault planes in 
the southern portion of the area. Along these the granite is found in various 
stages of decompositicn; in extreme cases it has been weathered to a milky 
white friable aggregate of clay minerals and guartz. 

Notwithstanding the intermittent nature of the outerops it may be inferred 
from field observations that the variation in macroscopic features which does 
exist is gradational; and nowhere was one type or variant found to be intrusive 
into another, except, of course, in the case of late acid veins and pegmatites. 
This granite mass, belonging to one period of intrusion, nevertheless, affords a 
fairly wide range in general macroscopic features, Which is well displayed when 
one glances at a sixty to seventy samples collected from over the whole area. 

In generalising it may be said that the granite of this area is a 
medium-grained, pinkish, usually non-porphyritic potash-granite with a more 
or less gneissose structure. A rough division on macroscopic grounds is possible 
between the granite occurring in the southern sector, ie. round about Nuwerus 
and Flaminkberg, and that of the northern sector, ie. from Bitterfontein 
northwards. Coarsely porphyritie varieties are only found in the south, and 
as the mafie mineral biotite, is also more abundant here, the gneissie foliation 
is sometimes developed on a grand scale. 'The granite of the northern sector 
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is on the whole finer grained, and mafic minerals are scarce and not infreguently 
absent, so that the gneissic foliation is not conspicuous. 


VARIETIES OF THE GRANITE AND THEIR DISTRIBUTION 


The granite cropping out on the lower slopes of Flaminkberg and on the 
farm Flaminkvlakte along the Vanrhynsdorp—Nuwerus road affords the best 
example of a coarse-grained, porphyritic, strongly gneissose rock. 'The white 
phenocerysts, sometimes reaching a length of two inches, consist of a slightly 
perthitic microcline, and are set in a granulose medium- to coarse-grained base 
of guartz, oligoclase and potash feldspar. 'The dark bands accounting for the 
gneissose structure contain greenish-brown biotite and fairly abundant epidote 
derived from the plagioclase. Under the microscope it appears that the biotite 
is not as abundant as is suggested by the dark bênds in hand specimen. 'The 
dark bands are in great measure due to the presence of mylonitised streaks 
within this rock I[cf. A. W. Rogers (56) 1. 

This same type of greyish gneissic granite is found in the vicinity of 
Nuwerus, and is well displayed in the rounded crags on the north-western 
boundary of the village. Further west, beyond the limits of the mapped 
area, porphyritie granite occurs on the farm Brandewynskraal. In the latter 
environment, however, the grain of the granite is slightly finer and the 
phenocrysts are of somewhat smaller dimensions. 

Porphyritic pink granites with strong gneissic foliation were also only 
recorded from the extreme southern portion of the area. Samples showing 
strong folia of biotite enveloping pinkish aggregates of guartz and potash feldspar 
were collected east of Spitskop a few hundred yards east of the Nuwerus— 
Vanrhynsdorp road. 'These are extremely weathered and no thin sections could 
be made from them. 

Several hundred yards north of this occurrence an outcrop of an apparently 
fresh porphyritic granite was located. It consists of sparse white feldspar 
phenocrysts (0.5 sa. inch in size) in a groundmass of auartz, pink feldspar and 
hornblende. 'The last named mineral occurs as thin discontinuous layers, 
imparting a well developed foliation to the rock. 'This foliation conforms in 
direction of strike and dip with that of the other granite outcrops in its 
vicinity. Notwithstanding the fresh outward appearance of this rock, its thin 
section exhibits extreme clouding of the feldspars, so that very little information 
could be gleaned from its microscopic investigation. On account of the clouding 
of the feldspars it was impossible to distinguish between potash feldspar and 
plagioclase. 'The hornblende constitutes about 5% by volume of this rock. As 
fresh, presumably primary hornblende occurs to the exclusion of biotite, this 
rock cannot be considered as an average representative of the coarse-grained 
gneissic granites of this southern sector. On account of the fact that no 
integration nor even any determination of the composition of the feidspars 
was possible, it is unfortunate that this rock was chosen for a chemical 
analysis (Table 5, No. 2). 'This was done, however, before thin sections were 
available, merely on the very fresh and irteresting outward appearance of 
the rock. 

Witputkop also shows well foiiated moderately porphyritic biotite bearing 
gneissic granites. These rocks are, however, of a rather weathered nature. Down 
the southern slopes of this hill the biotite content of the granite decreases and 
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some six hundred yards away a fresh even-grained pink granite, containing no 
trace of a dark mineral, was sampled. A gneissose structure which is caused 
by the orientation of guartz, exhibiting a well developed linear parallelism, is, 
however, still present. This is not a feature peculiar to this outcrop and was 
also observed in the mafic-free variety of the northern sector. 

Highly acidic fine-grained granitic material from which mafic minerals 
were usually absent, is freduently associated with the coarse varieties of the 
granite in the southern sector. 'This material may be found as veins or irregular 
lenses roughly parallel to the foliation of the granite. 'The veins are seen to 
swerve with the local changes in the strike of the foliation of the granite. 
Judging from the fioats in the soil-covered area south-west of Nuwerus, that 
low-lying portion must be underlain largely by this fine-grained acid rock. 
Here also fine-grained slightly feldspathic duartzites of the Nuwerus series are 
freduently found, and it is sometimes difficult to distinguish between moderately 
weathered samples of these two rock-types. 

The yellowish-pink acidic material associated with the pink gneissic granite 
west of the Nuweruskop trigonometrical beacon consists of duartz and 
cross-hatched microcline, strewn with dust-like magnetite grains. The pinkish 
varieties of vein material encountered in the southern sector show a strong 
resemblance with the fine-grained leucocratic granite of the northern sector. 'The 
former, however, are finer grained and more duartz-rich. 

The northern sector is characterised by medium to fine, even-grained 
(1-2 mm. grain size) reddish to pinkish-brown leucocratic granite with an 
average biotite conteni of less than 4% by volume. 

Typical mafite-free reddish granite is studied best from the occurrences at 
the Gannabos trigonometrical beacon and those north of it towards Draaihoek. 
This same variety, but usually containing a little biotite (from 1% to 2% by 
volume), covers the larger portion of the area north of Bitterfontein. 

On the western slopes of this Gannabosberg and further north-westwards 
along the contact with the Nuwerus series, the granite is of a dull brownish-pink 
colour, slightly coarser grained, and has a distinct foliation caused by rather 
sparsely scattered thinnish spindles (from a fraction of a mm. to a few mm. in 
length) of hornblende, constituting 2% by volume of the rock. 

The granite constituting the ridge west of Geelputs is also definitely coarser 
grained than the rocks from Gannabos. It is of medium grain With an average 
grain size of between 2 and 3 mm. Mafites are again feebly represented and 
except for an occasional grain of magnetite, a few flakes of biotite constitute 
the mafic mineral content of this rock. 'This same type of granite occurs in 
the Hoedkop—Hartseerkop sector near the high grade hornfelses. 'This granite 
may be taken as a fair average representative of the leucogranites of the 
northern sector. Its mode shows 50% potash feldspar and a fairly high biotite 
content (3.9%) (see Table 6, No. 5). 

Mechanical deformation of the granites has not been developed on a large 
scale, but mylonites were observed at a few localities within the areas. 'The 
best examples of this mylonitisation were encountered in the greyish porphyritic 
gneissic granites of Flaminkberg. A. W. Rogers (56, p. 99) mentioned the 
occurrence of networks of black mylonitised veins of the gneissic granite of 
this locality. Although such networks of veins were not recorded by the 
author, thin sections of the Flaminkberg granites reveal duite a considerable 
amount of erushing (mylonitisation), and the dark bands seen in hand specimen 
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are mainly due to this phenomenon and not to the presence of biotite. 
Excellent examples of mylonitised granite were collected in the vicinity of 
Draaihoek. On the fault plane a reddish biotite-free, mylonitised granite was 
found, consisting of crushed pink fragments of various sizes set in a greenish 
to pinkish mylonitised matrix. 

A dark black mylonite showing recognisable yellowish-brown sphenes and 
pinkish fragments of granitic material was obtained from a well a few yards 
from the Draaihoek homestead. All these mylonites are obviously related to 
the major faulting, and the last mentioned specimen probably occurs on the 
fault plane. 

A few varieties which are, in hand specimen at least, duite dissimilar to 
the granitic types so far described, should be discussed in more detail. 

The granite occurring between the two converging fault planes at the 
Breektand trigonometrical beacon and the granite in lit-par-lit association with 
the sediments to the north-west of Houmoed (p. 106) are constituted of. fairly 
large (up to '8 cm. in length) pale olive-green phenocrysts of potash feldspar, 
forming simple Carlsbad twins, in a coarse-grained matrix of dguartz and 
Dlagioclase. A few large flakes of biotite, and zircon and apatite occur as 
accessory minerals. The potash feldspar is a microcline showing feeble 
cross-hatching and a few small perthitic intergrowths. 'The plagioclase is an 
oligoclase (An,,); and an interesting feature is that the oligoclase encloses 
sduarish bodies of microcline measuring .01 mm. across; thus resembling 
antiperthite. 'These microcline inclusions show the typical duadrille twinning. 
The granite of Breektand which was not sampled near any contact with older 
rocks is almost without perceptible foliation. 'The rocks north-west of Houmoed 
exhibit an imperfect foliation, but this foliation becomes nearly perfect as the 
contact of these with the Primitive rocks is approached. 

Another dguite distinct variety of granite comes from only a few hundred 
yards east of Kleinfontein. 'This is a non-porphyritic dull dark greyish-green 
rock having dark spindles of mafic minerals imparting a conspicuous gneissose 
structure to the rock. It consists mainly of oligoclase (An), microcline 
(2V.— 81”) showing cross-hatching and small perthitic intergrowths, and 
duartz. 'The amount of the combined feldspars outweighs by far the amount 
of duartz. Among the mafites both hornblende and biotite are present, the 
latter being slightly more important than the former. 'These two are very 
similar in colour but the occurrence of sagenite in the biotite is a distinctive 
feature. 

A rock appearing in hand specimen to be duite identical with the former 
was found in the national road cutting some five miles north of Bitterfontein. 
Under the microscope it, however, differs from the Kleinfontein granite in a 
few respects. 'The dark spindles and flakes consist of a primary biotite pleochroic 
in light straw-yellow to brownish-red, and irregular patches of a uralitised 
mineral. Iron ore, in large grains as well as in smaller granules, is scattered 
through the biotite and uralite. Associated with these are epidote and a 
green, definitely secondary biotite. The uralitic patches with abundant iron ore 
associated with these are suggestive of the incorporation of iron-rich minerals 
by the granite. The process here involved is probably the same as was outlined 
in the case of the banded rocks of Geelputs (p. 115) where the granite incorporated 
basic rocks rich in ferrohypersthene. It may be pointed out that analogous 
rocks were observed in the same road-cutting a little further to the north. This 
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problem of the incorporation of country rock by the granite will be discussed 
later (p. 175). 


PETROGRAPHY OF THE GRANITE 


Notwithstanding the variation in general macroscopic appearance, as regards 
colour, grain size and texture, the granite, with the exception of those rocks 
just described, shows a remarkable uniformity in mineral content and 
mineralogical characteristics over the whole area. Disregarding the exceptional 
instances where porphyritic textures were recorded, these rocks are of even 
grain and the individual constituents vary from subhedral to anhedral in 
outline. The rocks are typically of granitoid texture. 

Potash feldspar, duartz, and a bplagioclase, usually oligoclase, named in 
decreasing order of abundance constitute the bulk of these rocks. Next in 
importance is biotite, which is usually the only primary mafic constituent It 
varies in amount, as already outlined, but seldom exceeds 3% or 4% by volume 
(ef. Table 6). On the other hand hornblende, in small duantities, may sometimes 
represent the mafites. Jn addition to these, there are the usual accessory 
minerals: apatite, zircon, iron ore minerals and sphene. 'Tourmalyn occurs in 
a few exceptional cases. Furthermore, most of the granites contain some of 
the following non-essential constituents: chlorite, epidote, calcite, sericite 
(muscovite), etc., all of which are of definite secondary origin. 


Potash Feldspar 


The potash feldspar of these granites is usually fairly fresh and free from 
alteration in contradistinction to the plagioclase which nearly always shows 
signs of sericitisation and epidotisation. 

Extreme cloudiness of the potash feldspars was only observed in the 
mylonites and crushed granites. 'This clouding is probably due to the dynamic 
metamorphic effect suffered by these granites. Some of the perthitic feldspars 
also exhibit a cloudiness in the vicinity of the perthitic segregations of 
plagioclase. 

The red  colouration of the granite is due to iron oxide which occurs as 
dusty reddish-brown segregations of hematite on the borders of the feldspar 
or may be concentrated around grains of guartz included in the former mineral. 

The grid-iron structure of the potash feldspar, a characteristic feature in 
most of the basement granites [cf. J. Willemse (79, p. 85) 1, is usually well 
developed, and the mineral conforms with the descriptions of mierocline from 
Namadgualand granites by M. Mathias (42) and C. B. Coetzee (11). Whereas 
C. B. Coetzee (11, p. 179) definitely states that in the Namagualand granites of 
the Goodhouse—Pella area, the potash feldspar is represented by microcline 
only, the author found that in twelve out of twenty-four thin sections of 
granite investigated by means of the UM. stage, orthoclase was present. 
Microcline and orthoclase often do occur together in one and the same thin 
section. It would appear, however, that in the finer grained red granite of 
the northern sector orthoclase is the dominant potash feldspar, for in thin 
sections of these rocks the cross-hatching of microcline was seldom observed. 
Although microcline without the distinctive grid-iron structure may ocEur in 
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the Namadualand granites, as recorded by C. A. Strauss (66, p. 40), the orientation 
of the indicatrices and the optic axial angles of the potash feldspars in the 
granite of the area now under consideration, determined by means of the 
U.M. stage prove beyond doubt that those feldspars devoid of cross-hatching are 
orthoclase, sometimes also soda-orthoclase, but not microcline. 

The optic axial angle of the microcline, 2Va, was found to vary from 
81” to 88”, but 2Vu— 83” appears to be an average value. Values varying 
from 81” to 85” were recorded in a single large individual ln the case of 
orthoclase 2V. ranges from 'T71* to Ti, the latter value is highly exceptional 
and in most cases 2Va centres round 773”. Potash feldspars having smaller 
optic axial angles, from 55” to 60", were observed in four cases out of the 
twenty-four, and then they usually occur together with orthoclase of a more 
normal axial angle. 

Apart from the twinning responsible for the cross-hatching or grid-iron 
structure in the microcline, this feature is of little importance in the potash 
feldspars. Simple twins of large orthoclase individuals according to the 
Carlsbad law were observed in several thin sections. 

The most characteristic feature of the potash feldspars of these granites 
is the perthitic intergrowths occurring in both orthoclase and microcline. 'The 
intensity of the perthitisation may vary; in some crystals only a few small 
plagioclase segregations are present but as a rule the potash feldspars are 
heavily perthitised. As a type example may be taken the thin section of a 
granite in the Hoedkop—Hartseerkop sector (see p. 152). In this thin section 
the orthoclase is fairly evenly perthitised, and in a .2 sd. mm. area of orthoclase 
80 elongate blebs measuring on the average .04 x .02 mm.” were counted. That 
is, the exsolved plagioclase corresponds roughly to one-third by volume of the 
feldspar. From this, one may draw the conclusion that the average granite 
is more soda-rich than is indicated by the high potash feldspar content 
registered in the modes (Table 6). 'This fact is also borne out by a chemical 
analysis of the granite with high content of perthitic orthoclase from Gannabos 
(Table 5, No. 10). 

As regards the type of perthite it may be remarked that most of the types 
described by H. L. Alling (1) in a recent paper on plutonic perthites were 
observed here. 'The rodlike or ovoid type is best represented. 'These ovoid blebs 
usually occur within the core portion of the individuals while towards the 
margins of the crystals these perthitic growths are smaller and appear like 
small needles with pointed ends — the stringlet type of H. L. Alling. String 
perthite also, which in section appears to be thin tapering veiniets, is not 
infreguent. 'They are usually orientated in a definite crystallographic direction. 
When these veinlets become extremely thin, the name “Wwiry perthite” would 
perhaps be more suitable. 'The rodlike or ovoid bodies are less definitely 
orientated and may deviate from a single crystallographic direction, but a general 
preferred direction is, however, always evident. 

Another guite distinct type described as “plume perthite” by H. L. Alling (1), 
which originates from the coalescence of parallel bands and films, and which 
may also be designated as “patch perthite”, is not of common occurrence in 
the potash feldspars of the Namaagualand granite. Tt was, however, observed 
in feldspars of the hornblende bearing granites of the northern sector. In this 
case the greatest development of the perthite is on the margin of the crystal; 
the “patch” sending of films and veins into the core of the crystal, or the 
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forming of “H-shaped” or irregular patterns within the core. When observed 
under crossed nicols, all the perthitic blebs, whether strings, veins, rods or 
patches, belonging to one and the same host crystal, extinguish simultaneously. 
Various attempts have been made to determine the crystallographic directions 
preferred by the plagioclase segregations within the potash feldspar. It is, of 
course, evident that the string, thin veinlet and wiry types, which are more 
uniformly orientated than the rodlike and patchy types, vielded the best 


results. Directions parallel to (15.02) and (110) (less freguent) were recorded, 
agreeing thus with the directions duoted by H. L. Alling (1, p. 152). He, 


however, gives the steep hemiortho-, or macro-dome (13.0.2) instead of 


(15.0.2). 

The optical orientation of the perthitic guests coincides in all three directions 
of the ether-axes with that of the potash feldspar host. When the host is 
tested for extinction position with 8 to the k-axis of the Universal Stage, the 
guests extinguish simultaneously with the host. Similarly also the a's and vs 
of host and guests coincide in direction and the only reason why the host and 
guests do not extinguish simultaneously in all sections of the indicatrix, is to 
be found in the difference in size of 2V of the blebs and the host crystal. 
J. Willemse (79, p. 86) recorded this same phenomenon in perthites from the 
Vredefort old granites and stated: “In all sections other than principal sections 
the individuals (i.e. host and guests) do not extinguish simultaneously; directly 
a position of the principal section is approached, however, it is no longer possible 
to distinguish between them.” EE. Spencer (65, p. 106) also remarked on the 
optical continuity of vein perthite with the host microcline and takes this fact 
as proof of simultaneous crystallisation of host and guest. 

Twinning which could be used to determine the composition of the 
plagioclase segregations was not observed in these perthitic blebs, but in some 
instances, however, the optic axial angles of these could be fairly accurately 
determined by direct measurement when the #-direction of host and guest was 
parallel to the k-axis of the U.M. stage. A perthite of an Uitspanberg granite 
was found to consist of a host of microcline (2V.— 85”) and blebs of almost 
pure albite (2Vy — 74”). In a few instances it was found that the blebs were 
more calciec than albite. In a thin section of the hornblende bearing granite 
from the western slopes of Gannabosberg, which contains soda-rich orthoclase 
(2Va. — 63”) and a small amount of plagioclase (An,,), the exsolved plagioclase 
segregations yield a value of 86” for 2Va. 'This 2V value indicates a plagioclase 
(Ab;s AN,,), that is, corresponding in composition to that of the free plagioclase in 
the rock. 'This is the most basic variety of plagioclase*) occurring as 
segregations within the potash feldspars of this area. 

Considering the medium- to fine-grained mafite-free red granite from 
Gannabos (Table 5, No. 10) which holds well developed perthitie orthoclase and 
only a smail amount of oligoclase, it would be of interest to try and deduce the 
original composition of the K-Na-feldspar from which the perthite Originated, 
and also at what probable temperature this original mineral crystallised. (Here 


*) Only a few accurate measurements could be made on these perthitic blebs 
Firstly, the blebs are usually small; and secondly, although the host and guest are 
similarly orientated, when # of both these are parallel to the k-axis of the UM stage 
and ?2Va (the acute angle) in microcline or orthoclase can be read of direetly the 
angle 2Va in the pieb (corresponding to the obtuse angle in the positive albite) is tOO 
large to be precisely determined by direct measurement. 
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it is for the present tacitly assumed that the perthite was formed by a process 
of exsolution.) 'The norm of this rock analysis (Table 5, No. 10) reveals 
31.69% Or, 21.48% Ab and 1.67% An. 'The composition of the modal plagioclase 
was determined as Ab,, An,, by means of the UM. stage. If it be assumed that 
all the normative anorthite (1.67%) was used up in the formation of plagioclase, 
AbD., An,, (note that no mafic minerals are present), the amount of normative 
albite necessary to combine with the above anorthite so as to yield plagioclase 
(Ab, AN.) would be 1.67 x4 — 6.68: leaving 14.80% of albite in the norm which 
has still to be accounted for.  Interesting to note is the fact that 167% 
normative anorthite - 6.68% normative albite will give 835% normative 
oligoclase of the said composition; an amount which corresponds very closely 
with the actual 8.8% modal plagioclase in the rock (Table 6, No. 2). If the 
remaining normative albite (14.8%) is considered to have combined with all the 
normative orthoclase (31.69), a K-Na-feldspar would have resulted, the 
composition of which would have corresponded to Or, Ab, If it is now 
assumed that the parent mineral of the modal orthoclase perthite in the rock 
under discussion had that composition, viz. Or, Ab.,.—a formula theoretically 
deduced from the chemical analysis of the rock — then by complete exsolution 
that parent will yield a perthite consisting of orthoclase host and perthitic 
plagioclase blebs in the ratio 68 : 32. In other words, the perthitic blebs should 
oCccupy on the average about one-third of every perthite crystal. Although such a 
ratio of host to guest appears evident from a mere microscopic inspection of 
the thin section of this rock, it was difficult to test it guantitatively in the slice 
because the perthitic blebs in this case were of very irregular shapes and 
sizes. In the case of the Hoedkop—Hartseerkop granite which is considered 
as a typical example especially as far as the nature of the perthite is concerned, 
such a dguantitative determination, however, Was carried out (see p. 155) and it 
was found that approximately 30% of the total perthite consists of plagioclase 
blebs. 'This integration result, therefore, seems to support the idea of the 
existence in the granite of a parent K-Na-feldspar of which the original 
composition was Or, Ab.,. as indicated above. 

E. Spencer (65, p. 91) experimented by heating various perthitic potash 
feldspars till the perthitic blebs became redissolved. He thus determined at 
what likely temperatures the original potash-soda feldspars crystallised, and 
found that potash-soda feldspars containing 25% to 40% of the soda component, 
probably crystallised out between 950” and '750*C.,, resulting in the common 
microperthitie orthoclase. He also said that his findings were supported by 
the results of investigations by J. H. L. Vogt. 'The latter author (ci. 65, p. 91) 
deduced from field and petrological evidence that potash-soda feldspars of the 
orthoclase type containing 32% of the soda component crystallised out at about 
850%C. From the above it may be inferred that the perthitic polash feldspar 
of the above-mentioned Gannabos granite crystallised out at a temperature of 
approximately 850”C. 

In the argument above, it was assumed that the perthites were formed by 
exso'ution. 'There are, however, two more processes, viz. jinjection and 
replacement from which perthitisation may result. R. J. Colony (12), and later 
also W. T. Schaller (62) and J. L. Gillson (18) suggested that perthites, especially 
the vein type found in pegmatites, may originate by injection of, or replacement 
by late albitic 1guids of the end phase products of consolidation. R. J. Colony 
(19, p. 170) applies the injection theory in cases where the original feldspar 
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is surrounded by a narrow rim or border of albite and duartz which penetrates 
the grains irregularly and likewise also forms veinlets of microscopic dimensions 
in the rock. Such borders of albite were, however, never found associated with 
the usually “string” and “rod” perthite of the Namadualand granite. J. L. Gillson 
(18, p. 816) also discussed injection perthites, but he emphatically stated that 
they difer from the ordinary perthites (exsolution perthites) described by 
H. L. Alling. In the first place they are not confined to parallel plates within 
the host mineral and in the second place the albite component of the “injection” 
perthite is in optical continuity, not with the host (as in the perthite of 
Namadualand granite) but with the outer rim of some adjacent zoned 
plagioclase. , 

The author is therefore of the opinion that in the Namadualand granite all 
the types of perthite, including perhaps the patchy type of certain Gannabos 
granites (see p. 155), may be regarded as exsolution perthites. 'The evidence 
for this statement, which is summarised below, is in close agreement with the 
findings of H. L. Alling (1). 


1. There is a rough zonal distribution of the blebs: the rodlike blebs usually 
occupy the interior portion, the strings may occur over the entire crystal 
while the stringlets are mostly confined to a more or less margina] zone. 


2, There is no obvious connection between the blebs and material outside 
the host grain. 'This especially holds for the rodlike blebs, for they 
are relatively large and any duct which could have served as a passage 
for albitic material from the outside towards these rodlike blebs would 
have been visible. 


3. There exists a parallelism in optical orientation of the host and perthitic 
guests, and also a parallel orientation of the “strings”, “stringlets” and 
to a lesser extent also of the rods, along certain preferred crystallographic 
directions of the host. The “patchy” type, although crystallographically 
poorly orientated, still maintains the same optical orientation as the host. 


4. The blebs may vary in composition, ie. in the amount of anorthite 
present in them. Blebs having a composition of Ab,, An,, Corresponding 
to the composition of the plagioclase occurring together with the perthite, 
can hardly be considered as due to the injection of late albitic fluids. 


The fact that the larger blebs of the exsolution type of perthite usually 
avoid grains of duartz included in the feldspar, as was also found to be the 
case in the Namadualand granites, must be regarded, according to H. L. Alling (1), 
as indicative of the fact that they are later than the guartz. As regards the 
relative ages of the different types of perthitic blebs H. L. Alling (1) and 
G. H. Anderson ' (2, p. 151) hold the following view in common, viz. that the 
“strings” are due to early exsolution, the rods to later exsolution, while the 
“bands” and “films” or “patches” are still later. 'They further consider it 
possible that the “bands” and “films” might be due either to replacement or 
exsolution or both. 


Plagioclase 


Plagioclase is less abundant than orthoclase and constitutes more or less 


from 8% to 16% by volume of the granite (Table 4). It is more altered than 
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orthoclase and usually has sericite and epidote as alteration products. 'The 
sericite and epidote very often appear as minute granules in the plagioclase, so 
that the crystal becomes clouded and it is then difficult to determine its 
composition by means of the U.M. stage. Many reliable determinations, however, 
could be made by means of this instrument. Twinning effect was usually seen, 
especially the narrow lamellation typical of oligoclase. The average plagioclase 
contains about 20% to 25% of the anorthite molecule and is therefore 
oligoclase. From the twenty-one thin sections of granitic rocks in which the 


composition of the plagioclase was determined, the following results were 
obtained: 


TABLE 4 
Number of Rock Specimens. An % in Plag. 
7 15-20% 
5 20-25% 
6 25-30% 
3 80-40% 


In general a feeble normal zoning is found to occur and it corresponds to 
a decrease in anorthite content from core to mantle of not more than 5%. In 
the above determinations, however, extreme outer mantles, probably being 
reaction mantles against potash feldspar, were not considered. 'This phenomenon 
of interaction between potash feldspar and plagioclase will be discussed 
presently. 

In a few exceptional cases discontinuous zoning has been recorded in the 
plagioclase. One example is afforded by the pale grey granite occurring near 
the farm house at Modderfontein, a rock which on the whole has rather peculiar 
characteristics. A fairly large crystal of plagioclase was seen to include almost 
sauare crystal fragments of orthoclase (2V.— 72”. The composition of the 
main plagioclase crystal corresponds to Ans, but it is rimmed by 8a 
discontinuous mantle of composition AnN,.. Another porphyritic individual 
from the same thin section exhibits normal discontinuous zoning. Each zone is 
separated by sharp boundaries from the others and shows in itself a weak 
continuous zonal effect. 'This erystal was investigated by means of the Universal 
stage and the following results regarding the composition of the different 
discontinuous zones were obtained: 


core — 85-40% An 
middle zone — 25% An 
mantle — 15-18% An 


This rock from Modderfontein is definitely granitic, although it is associated 
with metamorphic rocks. 'The cores of the porphyritic plagioclase crystals do 
not agree with the non-porphyritic plagioclase of the thin section. 

Similar features of discontinuous zoning were observed in some of those 
rocks of Geelputs which are believed to have been formed by the incorporation 
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Of pre-existing igneous or sedimentary rock by the later Namadualand granite. 
Here sericitised cores of plagioclase having a composition of An,. were surrounded 
by discontinuous margins of clear albite. In this case the origin of the zoning 
is probably the same as that of the plagioclase of the Modderfontein granite, 
vig. reaction of later magma with existing plagioclase crystals. It is believed 
that in this case the reaction on the plagioclase was brought about by late 
albitie solutions derived from the granite. 'This latter phenomenon will be 
fully discussed when dealing with the contamination of the granite (see p. 174). 

A phenomenon related to the one discussed above, is the occurrence in 
most of the thin sections of the granite, of lighter more albitic rims around 
the ordinary sericitised plagioclases, where these .are in contact with potash 
feldspar. At these contacts a sort of core-and-rim structure [cf. G. H. Anderson 
(2) |] and also duartz myrmekite are formed. 'These rims show discontinuous 
boundaries in contact with the plagioclase. It was difficult to determine the 
exact composition of these rims as they are usually very narrow, and because 
the twinning lamellation present in the cores, does not always persist into the 
rims. ITt was found that the refractive index shows a decrease from oligoclase 
core to the rim of the plagioclase crystal, whose refractive index was again 
found to be higher than that of the adjoining microcline. 

The formation of these albitic rims around the plagioclase is probably due 
to an interaction of the plagioclase with potash feldspar. An interesting 
feature accompanying the albitic rims around plagioclase is the presence of 
myrmekitic intergrowths of duartz with oligoclase, where the latter mineral is 
in contact with potash feldspar. Where oligoclase is in contact with duartz 
grains only, no such intergrowths were observed. 'The intergrowths of auartz 
and plagioclase are of two kinds, namely: the wart-like truely myrmekitic 
intergrowths [cf. G. H. Anderson (2) (Plate 7, Fig. 1) ] on the borders, and the 
micrographic intergrowths encountered jn the main body of the oligoclase 
Crystals. The rods of duartz in this latter structure cut across the twinning 
lamellation of the feldspar and probably represent a primary consolidation 
feature. 'The former structure, that is the myrmekitic structure, which is of 
fairly common occurrence in the Namadgualand granites, is not a feature of 
early consolidation, but duite probably one of deuteric origin I[cf. J. Willemse 
duoting J. Sederholm (79, p. 87) 1, no doubt related to the interaction of the 
plagioclase and potash feldspar referred to above. 

Generally the available microscopic evidence concerning this interaction 
may be interpreted as due to the replacement of microcline or orthoclase by 
plagioclase. Fig. 6 illustrates how the plagioclase has grown at the expense 
of, and has replaced, the microcline. On the other hand it was found in some 
instances that the plagioclase appears to suifer replacement by the mierocline, as 
for example in thin sections of the green schists injected lit-par-lit by granitie 
material. 'The microcline, introduced by the granite, replaces the oligoclase of 
the original green rock, but the replacement has probably not taken place on 
a large scale. Albitic rims have been developed, and a fine myrmekite, though 
rare, has been observed. 

In studying recent literature on this subject it was found that there exists 
a difference of opinion as regards the formation of albitic rims round 
plagioclase, and of myrmekites in granites. C. E. 'Tilley (70, p. 87-88) and 
G. H. Anderson (2) maintain that these phenomena are due to a replacement 
of potash feldspars by plagioclase while others like $. R. Nockolds (48) hold 
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precisely the opposite view, namely that the potash feldspar is replacing the 
plagioclase. G.H. Anderson (2), in describing the various aspects of replacement 
in the granite from the Inyo Batholith of California—Nevada, states “that the 
intergrowths of vermicular duartz and plagioclase feldspar almost invariably 
involve replacement of orthoclase or microcline by sodic plagioclase”. 

He believes in the theory of Becke (2, p. 58), viz. that myrmekite formation 
represents the replacement of the potash in the feldspar by Na and Ca. And 
as anorthite contains less silica than potash feldspars silica is liberated in the 
process of replacement of the potash feldspar by the plagioclase. He further 
observed (2, p. 55) that in the Inyo Batholith, where the potash feldspars are 
strongly albitised the neighbouring plagioclase is commonly altered to sericite 
and epidote, and he believes that the potash liberated in the replacement process 
is probably partly used up in this sericitisation. 'This same feature, namely the 
sericitisation of the plagioclase, in a more intense degree than could possibly be 
caused by the potash ordinarily assumed to be present in solid solution in 
plagioclase, is of ubiduitous occurrence in the Namadualand granite (cf. p. 159). 
Tt is furthermore unmistakably related to the core-and-rim structure and the 
myrmekite development in the plagioclase. 

On these grounds the author feels inclined to support Andersonm's theory, 
viz. that these processes are all linked up with the process of replacement of 
potash feldspar by plagioclase or by albitic solutions in the later stages of the 
consolidation of the magma. In the opinion of the author there is no2 other 
more plausible theory to account for the fact that the potash-poor plagioclase 
is extremely sericitised while the potash feldspar proper is perfectly fresh. 

S. R. Nockolds (48) in discussing the petrology of various members of the 
Garabal Hill—Glen Fyne Igneous Complex, also remarked on the occurrence of 
duartz myrmekites in plagioclase crystals near the contact of these latter with 
potash feldspars. He accounts for this phenomenon by assuming that it is the 
microcline that is replacing the plagioclase. He says (48, p. 471): “The minor 
guartz and feebly perthitic microcline occur as small interstitial plates, the 
latter actively corroding plagioclase. Myrmekite is often developed at the 
contacts between the two feldspars.” 

In a paper on the contaminated rccks of Bibette Head, Alderney, 
S. R. Nockolds (46) expresses the same opinion, namely that in cases like those 
discussed above, it is the microcline that replaces the oligoclase and that the 
1atter is finally protected by an armour of albite and myrmekite agaiast the 
microcline. 

It may of course be guite probable that the same ultimate result is possible 
whether or not it is believed that the microcline is replacing oligoclase or 
vice versa. On microscopic and field evidence the author is inclined to believe 
that, in the case of the Geelputs gneissic rocks and in most of the granites, the 
myrmekite and albitic rims are formed by replacement due to the action of 
oligoclase or late albitic solutions, and that in the injected green rocks of 
Bitterfontein the rim-structure was caused by the replacement of oligoclase 
by the later microcline. 

Recently the occurrence and origin of myrmekite in a graphic duarta- 
microcline rock has been studied by E. Spencer (65A). He has expressed the 
opinion that the myrmekite (intergrowths of guartz and plagioclase feldspar) 
and the microperthite of the microcline are intimately related, and that the 
myrmekite has been formed by the segregation and coalescence of microperthitic 
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albite formerly held in solid solution in the potash feldspar. He states 
(65A, p. 83): “The microcline perthite sometimes shows incipient myrmekite 
within the vein perthite lenses, especially when the feldspar is higher in lime 
than usual.” 

He maintains that this vein perthite has been formed by a process of 
exsolution and coalescence while the feldspar was in a semiplastic state, and 
adds that the introduction of soda by way of albitisation or replacement from 
without is duite unnecessary to account either for the composition or the 
different perthitic structures found in these microclines. He, however, stresses 
the fact that these observations regarding the replacement in peginatites refer 
only to the ordinary or simple granite pegmatites in which microcline and 
duartz are the principal constituents, and further states that the complex 
pegmatites, usually richer in plagioclase, often show indubitable evidence of 
replacement by soda-bearing solutions. 

In reviewing the literature on myrmekites E. Spencer (65A) said that the 
evidence of F. Becke and J. Sederholm regarding the replacement origin of 
myrmekite (see above) rests entirely on the appearance of “invasion” which 
the myrmekite assemblage presents towards the potash feldspar. 

E. Spencer's strongest objection against a replacement explanation of these 
intergrowths lies in the strictly limited size or these structures, and the limited 
amount of replacement which they represent. He is of opinion that the 
“invasive” character of the myrmekite into the potash-feldspar is only apparent 
and that, as in the case of the pegmatitic myrmekites already mentioned, the 
true wart-like myrmekite is formed along with vein perthite, being an exsolution 
product representing the soda-lime content of the original potash-soda feldspar. 

Such an explanation of the formation of myrmekitic growths may no doubt 
explain small bleb-like bodies of sodic plagioclase and @guartz, which are 
sometimes seen completely enveloped in potash feldspar crystals. It, however, 
does not explain the albite-rich rims — sometimes carrying wart-like myrmekite — 
which border large plagioclase (oligoclase) crystals at their contact with 
potash feldspar (see Fig. 6). Furthermore it may be added that in tne case 
of the rocks now under consideration, the myrmekite does not necessarily 
extinguish simultaneously with the perthitic blebs of the adjacent microcline 
(cf. E. Spencer (65A) |. In a case such as that described on p. 159 the oligoclase 
core of the plagioclase is bounded by two discontinuous rims, increasingly richer 
in albite outwards. When this phenomenon is further associated with myrmekite 
along the borders of plagioclase and microcline crystals the latter feature, which 
is evidently part of the plagioclase and not of the microcline, can hardly be 
accounted for by assuming direct segregation from the original soda-lime 
bearing potash feldspar. It therefore appears to be more likely that the 
myrmekite as well as the albpitic rims are deuteric reaction products. 


@uartz 


This mineral is the most important constituent but one of the granites. 

Not infreguently the guartz holds inclusions of small biotites and microclines 
while on the other hand it may occur as clear grains included in the potash 
feldspar. A dust-like or fine granular magnetite which is often arranged in 
sub-parallel trains, is most freguently found included in the dguartz 'These 
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trains do not cross the boundaries of individual grains, neither do they seem to 
follow any preferred crystallographic directions in the duartz. 

The aguartz does not show an undue amount of fracturing or undulose 
extinction which could be interpreted as signs of mechanical deformation 
Suffered by the granites. C. B. Coetzee (11), for example, holds that in the 
granites of the Goodhouse—Pella area “evidence of mechanical deformation 
follows from the wavy extinction in many auartz grains, but that the stresses 
were inadeguate to affect a bending of the plagioclase twin lamellae”. In this 
connection the author would be inclined to believe, as suggested by J. Willemse 
(79, p. 87), that in cases of undulatory extinction the strain was not more than 
could be expected as a result of shrinkage during cooling, and that (79, footnote 
p. 87) “far too much importance is attributed in ordinary petrographical work 
to strain shadows in duartz as indicating mechanical deformation”. 


Mafic Minerals 


It has already been remarked that biotite is the most important and 
sometimes the only dark silicate constituent of the granites, although it only 
forms from 1% to 5% by volume of the rock. Very often it is aksent. When 
present as a primary constituent it occurs in well defined flakes and shows 
pleochroism from straw-yellow to dark greenish-brown or brownish-green. In 
a thin section of a granite from south of Bitterfontein, the biotite is a green 
variety showing profusely developed webs of sagenite. 'This greep variety is 
in all probability secondary after original brown biotite. Such a change of 
brown to secondary green biotite was also observed in certain of the 
metamorphic rocks. (See p. 17.) Ordinarily the biotite of the granite always 
is observed in some stage of alteration to chlorite. - 

Secondary biotite, but of a greenish-brown colour, was found as irregular 
shreds, occurring in the mylonitised portions of the granites affected by 
mechanical deformation. 

Hornblende, presumably of primary crystallisation, characterised by rather 
well developed crystal faces and distinct (110) cleavages was found as the only 
mafite in the granites north and north-west of Gannabos trigonometrical 
beacon, and in the granite south of Nuwerus (analysed specimen). It was also 
found in association with biotite in the granite occurring near the Kleinfontein 
farm house. 

This mineral is of a greenish colour with distinct pleochroism, having 
y— bluish-green, 8 — slightly brownish-green, a — light golden-green; and an 
absorption formula Ba. Further determinations by means of the 
UM. stage yielded the following optical constants: 


2Va— ao ve — 99 -DA” 
The optical properties therefore indicate a common hornblende. 


Accessories 


Ore minerals are the most common accessory constituents of the granites. 
Apart from its occurrence as inclusions within the essential minerals, magnetite 
may also be found as rounded grains, sometimes showing well developed crystal 
faces, or as irregular segregations on biotite. 'The iron ore may often be a 
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titanomagnetite or ilmenite, and when altered this mineral is sometimes rimmed 
by sphezie or it exhibits patches of leucoxene. 

The mineral sphene is especially well represented in the mylonitised 
granite from the Guaap fault at Draaihoek. 'The incipient alteration of this 
mineral to leucoxene was also observed. 

Apatite and zircon are universal among the. granites but are never 
abundant. 'The zircon especially is often found as inclusions in biotite causing 
pleochroic haloes within the latter. 


STRUCTURES OF THE GRANITE AND ITS ASSOCIATED 
PEGMATITES AND ACID VEINS 


Mention has already been made of the more or less gneissic character of 
the granite. The feeble development of the gneissic character displayed by the 
granite in some localities, especially in the northern sector, is due to the scareity 
or absence of the platy or rodlike dark minerals. Where the dark minerals are 
absent, however, 'a faint though perceptible flow structure is usually imparted 
to the rock by the orientation of duartz or feldspar grains, so that truly 
structureless granite is seldom found in this area. 

Flow layers or flow planes were usually easily Tecognisable and also 
measurable, but the linear flow is not well developed and was difficult to 
recognise. Little trouble was therefore taken in recording the latter, as a 
detailed structural analysis of the granite was not the chief object of this 
investigation. 

Considering the area as a whole, it is evident from the direction of strike 
of the flow structures shown on the accompanjying map, that the foliation of 
the granite has a regional east-west trend. 'The direction of strike of the 
foliation recorded around Flaminkberg, Nuwerus, Kleinfontein and Bitterfontein 
is true E.-W., so also is the direction recorded in the vicinity of Modderfontein 
and Gannabos trigonometrical beacon. In the area in between these localities 
the direction of foliation suifers a defiection to the south of west in the Houmoed 
oceurre7ee, and a defiection to the north of west in the vicinity of the Langdam 
trigonometrical beacon. 

The east-west regional “grain” of the Basement Complex in this area 
is, however, best displayed in the field (see accompanying map) by the trend 
of the floats and inclusions of Primitive rocks in the Namadgualand granite. The 
parallelism existing between the foliation of the intruding granite and the 
structures, gneissic as well as sedimentary, characteristic of the Primitive rocks 
has already been pointed out. ê 

Except for small, very local changes, the most important departure from 
the regional trend of the foliation was observed in the westernmost granite ridge 
of the area. From near Eenkoker the structures become more northerly in trend 
and they maintain this direction of strike northwards past Uitspanberg, where 
it is borne out by the orientation of inclusions of sedimentary and igneous 
material (see p. 114), which here have a true north strike. This same northerly 
strike of the foliation was also encountered still further north, in the granite 
west of Geelputs. 

The regional E.-W. grain of the Basement is by no means a feature reculiar 
to the area under consideration, but is also characteristic of the Fundamental 
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Complex in the greater part of the North-Western Districts, as indicated by 
T. W. Gevers and others (17, p. 39) and C. A. Strauss (66, D. ). 

The amount of dip of these platy flow structures is invariably high, usually 
from 55” upwards, and not too seldom the foliation is vertical against the 
inclusions of older sediments, eg. in the vicinity of Houmoed and north of 
Hoedkop. In the case of small inclusions the strike and dip of the foliation 
may show local variations, but in the vicinity of larger bodies of Primitive 
sediments such as in the Breektand—Guaap ridge, for example, a regional 
northerly dip direction in the granite and associated Primitive sedimentaries 
is maintained for several miles across the strike. 

The occurrence of fine-grained acid veins and small pegmatitiec segregations 
and veins in moderate amounts has been mentioned. Both these late granitic 
phases bear a definite relation to the main structures (foliation and jcinting) 
of the granite. 'The direction of jointing on its part is again related to the 
direction of foliation and linear flow. 

Two important or major joint directions were observed. When flow lines, 
lying in the plane of the foliation, were observed, it was found that the one 
prominent joint direction was always perpendicular to the strike of these flow 
lines; and as the pitch of these flow lines, when discernible, was usually low, the 
dip of such joint planes was invariably steep. 'These joints may therefore be 
called cross joints. However, whether the linear fiow was noticeable or not the 
direction, more or less perpendicular to the flow layers, was generally found 
to be a direction of major jointing. 'The second direction of jointing is usually 
parallel to the strike of the flow planes; the joint planes, though, often showed 
a higher dip than the flow layers. 

The intrusive acidic as well as the pegmatitic material favoured these 
directions of jointing and flow foliation within the granite. Very oftan the 
fine-grained material occupies the cross joints as is seen, for example, west of 
the Nuweruskop trigonometrical beacon and also in the ridge south of the 
village near the occurrence of hornblende gabbro. 

In the latter case the vein filling in the cross joint planes has been offset 
by small movements parallel to the longitudinal jointing. At other localities 
again, e.g. Witputkop, the acidic veins are parallel to the flow direction in the 
granite. So also the pegmatites may either be parallel to the foliadon, or 
infill joint planes perpEndicular to that direction. East of Kwanous for instance, 
although the cross joints are better developed than the other set, the thin 
pegmatite veins are parallel to the latter, i.e. parallel to the foliation, whereas 
a few miles to the north in Uitspanberg, fairly coarse pegmatite occurs, occupying 
the cross joint planes. 

Another interesting feature is the occurrence of pegmatite associated with 
smaller inclusions in the granite, especially those of the basic igneous type, as 
was observed near Eenkoker and near the Tafelberg fault. It is considered 
that both the inclusions and the pegmatite material occur parallel to the 
foliation: the pre-existing inclusions of older rocks parallel to the foliation 
probably Created a specially favourable zone of weakness, which was afterwards 
utilised by the pegmatite. 


CHEMICAL AND MICROMETRIC DATA 


As the Namagualand granite of the North-Western Districts has recently 
been investigated on a chemical basis by workers like M. Mathias (49) and 
C. B. Coetzee (11), only two new analyses of granite rocks were undertaken 
(Nos. 9 and 10 in Table 5), mainly for the purpose of a general comparison 
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1. Old granite from Jakkalswater, Namagualand. Analyst M. Mathias (49). 
2. Hornblende bearing Namagualand granite from Nuwerus. Anal. H. C. Strydom (new analysis). 
3. Old granite, west of Hillcrest, Camperdown, Natal. Anal. R. B. Ellestad (19). 
4. Namagualand granite, 28 miles north of Garies. Anal. M. Mathias (49). 
5. Namagualand granite, Springbok. Anal. C. B. Coetzee (11). 
6. Granite, Schapenberg, Somerset West. Anal. W. H. Herdsman (11). 
7. Old granite-gneiss, Hlatikulu, Swaziland. Anal. T. Kameda (19). 
8. Aplogranite, North Springputs. Anal. W. H. Herdsman (11). 
9. Namagualand granite, Geselskapbank. Anal. W. H. Herdsman (11). 
10. Reddish leucogranite, Gannabos trig. beacon. Anal. W. C. Brink (new analysis). 


with the above-mentioned investigations. 


TABLE 


5. 


(a) CHEMICAL ANALYSES 
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1. Hornblende bearing granite from south of Nuwerus (cf. Table 5, No. 2). 
2. Fine-, to medium-grained leucogranite from Gannabos trig. beacon (cf. Table 5, No. 10). 
3. Hornblende bearing granite from near No. 2. 
4. Granite at Geelputs associated with metamorphic gneisses. 
5. Granite from the Hoedkop-Hartseerkop sector. 
6. Average of Namagualand granites (M. Mathias) (11, p. 179). 
7. Average of Namagualand granites (C. B. Coetzee) (11, p. 179). 
8. Average of aplogranites (C. B. Coetzee) (11, p. 182). 
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The one (No. 2) is of the hornblende bearing granite from south of Nuwerus 
(EE, io. MS), Erasl EE has already been said that it was an unfortunate choice in so 
far as it was impossible to diferentiate clearly between its plagioclase and 
potash feldspar when micrometrie measurements were made. 'The other analysed 
specimen is of the fine- to medium-grained pinkish mafite-free granite from 
the Gannabos trigonometrical beacon (No. 10). 'This rock was taken to be 
representative of the leuco-granites of the northern sector. Its analysis, kowever, 
shows a rather high percentage of SiO, and the silicic nature of the rock is 
furthermore borne out by the results of the integration. (G@uartz amounts to 
38%, which is slightly higher than the corresponding values for the granites 
of that vicinity. 

No classification of the granite will be attempted on a chemical basis, for 
in that case duite a large number of analyses would be reduired. Furthermore, 
the classification and correlation of granite occurring over a wide area, on the 
strength of a few chemical analyses is not always a sound procedure. 

It has been emphasised previously that the granite of this area is considered 
as belonging to a single petrogenic cycle, viz. the Namadgualand batholithic 
intrysion of gneissic granite. 'That in such a large batholith a great variation 
in the chemical composition of the rock-types is realised, is evident from the 
analyses of the Namadgualand granites given in Table 5. 'Though there is a 
marked difference in the chemical constitution of the two newly analysed 
specimens, the modes (Table 6) on the other hand show that all these granitic 
rocks could mineralogically be classed as normal granites or leuco-granites. 
According to A. Johannsen (31, Vol. IT, p. 124) normal granites “are characterised 
by duartz forming more than 5 and less than 50% of the duarfeloids, and by 
a feldspar ratio such that KT forms from 95 to 50% of the total feldspar 
contents. 'The plagioclase is CaNaf, and the mafites form more than 5 and 
less than 50% of the total constituents.” Leuco-granite difers from normal 
granite in the practical absence of mafic minerals or according to definition 
(31, Vol. IT, p. 120) it should contain less than 5% of mafites. Most of the 
granites of the present area may therefore be classed as leuco-granites. In 
comparing the modal values of the granite of the Nuwerus area with those in 
modal tables of A. Johannsen (31, Vol. IT, p. 185) it is found that they agree 
duite well with the granites of family 226'P (monzo-granites) as they have a 
large KT ratio. 'The average modal values computed by M. Mathias and 
C. B. Coetzee (Nos. 6 and "7, Table 6) for the granites occurring to the north 
of the present area, show a low KY/CaNaf ratio (almost unity) and agrees with 
the granites of family 226”P, the adamellites (cf. A. Johannsen, Vol. IT, Table 93). 

The low modal plagioclase serves to distinguish these Namadualand granites 
from the older granites or “older granodiorites” (Coetzee) occurring near the 
Orange River. The high ratio of plagioclase to potash feldspar Or, in other 
words, the granodioritic nature is a distinctive feature of the old granites of 
Southern Africa [see J. Willemse (79, p. 100) 1. 

In comparing the two new chemical analyses with those of other 
Namadualand granites it is found that the Nuwerus specimen (Table 5, NO. 2) 
agrees closely with the normal Namagualand granites of M. Mathias and 
C. B. Coetzee (Table 5, Nos. 4 and 5). It, however, shows slightly less silica 
and a greater percentage of alkalis. 'This latter fact is responsible for an 
amount of anorthite in the norm of the Nuwerus granite smaller than would 
be expected from the percentage of CaO. Conseguently a fairly high percentage 
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(2 1%) diopside - hypersthene is realised in the norm. 'This amount of 
normative minerals is in excellent agreement with the 7% of hornblende 
recorded in the mode of this rock (Table 6, No. 1). It is therefore to be 
accepted, though it was impossible to prove by direct micrometric measurement, 
that this rock contains a relatively small amount of plagioclase, a characteristic 
shown by all the modes in Table 6. 

The analysis of the Gannabos leuco-granite (No. 10), again, is in agreement 
with the aplo-granites of C. B. Coetzee (No. 8 in Table 5). It is, however, slightly 
more silicic than the aplo-granites analysed by him; it is even more silicic than 
his so-called Geselskapbank granite (Table 5, No. 9), a rock which he considers 
as a granite contaminated by almost pure silica (see Dp. 178). 'The author 
though, does not consider the high pemcentage of silica in the Gannabos rock 
as due to any exceptional process of assimilation but that this rock-type is a 
normal differentiate of the Namadualand granite, on the ground of the field 
evidence and the fact that the 38% silica in the mode (Table 6, No. 2) is not 
much higher than the 35% silica realised in the mode (No. 38) of a more 
“normal” granite in its vicinity. 'This analysis and the analyses of the 
aplo-granites show almost identical amounts of alkalis, but the former has a 
lower percentage of (COaO. As these rocks are almost devoid of any mafic 
minerals the Gannabos rock is conseduently characterised by less modal 
plagioclase than the average aplo-granite of C. B. Coetzee (Table 6, No. 8). 

These Namadualand granites were correlated on chemical and mineralogical 
grounds with the younger Cape granites by M. Mathias (42). 'This correlation 
was carried out on the strength of only four chemical analyses whilst field 
evidence was apparently ignored. G. K. Joubert (32) and T. W. Gevers (16) 
have already criticised this attempt of the authoress severely. The present 
author would just add that to attempt— as she did—a correlation between 
granites of two provinces (Namadgualand and Western Province) by comparing 
(ef. M. Mathias (492, p. 209) 1 chemical analyses of two specimens collected 
40 miles from each other in the one province (viz. 28 miles north of Garies 
and 16 miles west of Springbok) with analyses of a further two, oeccurring 30 miles 
apart in the other province (Table Mountain and Paarlberg) is hardly 
justifiable. 

When field and stratigraphic evidence are not taken into consideration 
the data tabulated by M. Mathias (49, p. 201, 202) only serve to indicate that 
the granites investigated by her belong to the same rock family, in this case 
normal granite; and are devoid of any significance as far as purposes of 
correlation are concerned. 


ON THE MODE AND EXTENT OF CONTAMINATION AND 
HYBRIDISATION OF 'THE NAMAOUALAND GRANITE AND 
ITS THERMAL METAMORPHIC EFFECT 


(i) Review of the Recent Literature on the Problem of 
Contamination of the Granite of the North-Western Districts 


In recent literature freguent reference is made to the process of 
contamination [in the sense of assimilation as applied by N. L. Bowen. (6) 1 or 
endomorphism [A. Harker (24, p. 90) 1 characterising the older granites and 
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also the Namaaualand granites of the North-Western Districts. This point is 
heavily laboured and the process is held responsible for many of the regional 
variations of the granite and also for local mineralogical variations observed 
in one and the same outcrop. It is furthermore utilised to account for certain 
differences obtaining in chemical analyses of the granites from widely separated 
localities. 

T. W. Gevers (17, p. 38), in deseribing the different types of the Namadgualand 
granite, states that the highly biotitic varieties occurring as extensive bands 
or “schlieren” in the more acid rock are evidently the result of “the assimilation 
of biotite schists of sedimentary origin and other originally argillaceous rocks 
of the Kheis system. 'The freguent presence of abundant sillimanite and 
occasionally corundum further strengthens this view.” It would appear therefore 
that apart from the presence of sillimanite and corundum, the occurrence of 
abundant biotite in the granite is taken by T. W. Gevers as evidence of 
assimilation of sedimentary rocks. 

M. Mathias (42), while referring to the assimilation in the Namadualand 
granite as postulated by T. W. Gevers, endeavoured to secure chemical evidence 
to prove that assimilation played an important part in the older granites of 
Namadualand. She tabulated (42, p. 191) one analysis of an old granite from 
Jakkalswater, Namadualand (Table 5, No. 1), together with two analyses of 
old granites from Natal and Swaziland, obtained from a paper by F. F. G@rout (19) 
(see Nos. 3 and '7 in Table 5) and two average analyses (granodiorite and 
duartzmonzonite). Without referring to any mineralogical or petrological 
descriptions of the granites represented by these analyses, she made the 
following statement (42, p. 191-192): “It will be seen from a comparison of the 
analyses and norms, that the old granite of Namadualand difers from the 
Swaziland and Natal old granites in having a smaller proportion of silica, and 
a greater proportion of alumina, magnesia and lime. 'This bears out the 
contention that the old granite of Namadualand has, in places, assimilated 
aluminous sediments and hornblende schists or amphibolites.” 'In the first 
instance the use of the phrase “has in places assimilated” in the duotation 
above, seems to contradict the authoress' own statement (49, p. 179), viz. that 
“care was taken in the collection of the granites to choose localities as far as 
possible from any visible source of contamination such' as the presence of 
remnantry sediments, traces of which abound all over Namagualand”. 

Very serious objections to her statement regarding the probability of the 
production of a granodioritic type from the old granite by the assimilation of 
sedimentary rocks, are the facts that only one analysis of the old granite 
of “granodioritic affinities” was made and that no description of the nature 
of the special rock-types believed to have been assimilated by the granite is 
given, nor did she describe a probable mode of operation of this assimilation 
process. This assimilation hypothesis was also strongly criticised by C. B. Coetzee 
(11, p. 184), who concludes that “there is no evidence to indicate that the 
magma of the older granites from South Africa were of a granitic composition 
only, and that the granodioritic varieties are conseduently contaminated types 
which acduired normal igneous characters as a result of assimilative processes”. 

Another argument used by M. Mathias (42, p. 192) in establishing the theory 
of “the almost complete assimilation or metasomatism of hornblende-bearing 
rocks” by the granite “is the occurrence of corroded hornblende crystals in 
samples from seven localities, and the prevalence of sieve tegture in the 
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hornblende”. She further adds: “It is interesting to note here the statement 
made by J. Willemse that 'the old granite of South Africa is characterised by 
the absence of hornblende.”” As regards the hornblende in the older granites 
C. B. Coetzee (11, p. 185) in examining the hornblende as a eriterion of 
assimilation, holds that the sieve textures and embayments Which are often 
present may indicate a residual constituent due to the mechanical disintegration 
(cf. 11, p. 185) of amphibolites by the granite. He, however, maintains that the 
most important feature of the hornblende in the granites is their uniformity 
in optical characters, whereas the hornblendes of the amphibolites in the 
Goodhouse—Pella area differ in these properties. He further states (11, p. 185): 
“TY the magma of the older granites had pierced a similar set of amphibolites 
in the west (ie. in the area examineë by M. Mathias), and aCcduired the 
amphibole as a result of this passage, then a similar variation in the granitic 
hornblendes would be anticipated, but this expectation is indeed contrary to 
fact. The hornblende may therefore be regarded as a normal (pyrogenetic?) 
mineral.” 

The statement of J. Willemse auoted by M. Mathias, viz. that the old 
granites of South Africa are not characterised by hornblende, would lose much 
of its significance if the descriptions of C. B. Coetzee were accepted, and its 
applicability could further be duestioned if the hornblendic “de Kaap” granite 
of Barberton is taken as an old granite or Basement granite. J. Willemse (179) 
himself, after a comparison of the “old granites” of South Africa, suggested 
that this “de Kaap” granite was probably closely related to the old granites. He 
writes (79, p. 96): “Hall points to the possibility of the assimilation of basic 
rocks as being the cause of the modification in composition of the original 
granitic magma resulting in this granite type. In view of its normal position 
in the differentiation diagram of the granites (compare Fig. 15) one can also 
maintain that it is a diferentiation product of the original magma.” 

Tt would appear therefore that the occurrence of hornblende in the granite 
can not, as was done by M. Mathias, be taken as indicative of assimilation of 
hornblende bearing or sedimentary rocks by the granite. 

That corroded hornblende crystals occurring locally in some granites may 
designate mechanical incorporation is borne out by samples of Namadgualand 
granite where this rock is intimately injected into hornblende bearing schists 
(see p. 144). But these samples afford no proof that any extensive assimilation 
took place. 

C. B. Coetzee (11) in his paper on the geology of the Goodhouse—Pella area 
also discusses assimilation as a process in the production of certain granitic 
rock phases. He expresses the opinion that it is dguestionable whether the 
biotite granite occurring together with the “Older Granodiorites” can be regarded 
as a normal erystallisation product, genetically related to the granodiorite. He 
gives the following reasons, viz. on modal diagrams of the felsic minerals 
(see 11, p. 187), the biotite granite forms a group sharply demarcated from the 
granodiorites, and secondly the basicity of its plagioclase (AN:s-,s) is anomalous 
for a granite (biotite granite) with 79.9% of SiO, He hence suggests (p. 186) 
that, as “the chemical analysis of the biotite granite may be almost exactly 
duplicated by mixing one part of the granodiorite [Analysis (2), Table V], with 
three parts of aplo-granite [Analysis (7), Table VIT], there is some ground for 
regarding the biotite granite as an interaction product between aplo-granite 
magma and granodiorite.” 'Towards the end of his paragraph on the biotite 
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granites (p. 186) Coetzee, however, refers to G. Wilson and suggests “mechanical 
mixture” to account for the origin of the biotite granite. The term “mechanical 
mixture” is hardly compatible with the term “interaction product” (see above) 
and it is, therefore, unfortunate that he does not give a petrological description 
of this biotite granite to support the chemical evidence regarding its derivation. 

It is guestionable whether an aplo-granite magma with the low temperatures 
usually assigned to such magmas, can take up, assimilate or produce by 
interaction with one-third of its own weight of a crystalline granodioritic body 
(N.B.— the granodiorite is admittedly much 'older than the aplo-granite), a 
distinctive rock-type like the biotite granite. If reaction did take place, it 
should be refiected by reaction on the fairly basic plagioclase of the granodiorite 
by the acid aplo-granitic magma, as such a magma can not, according to 
N. L. Bowen (6), precipitate such a basic plagioclase [the plagioclase (Ans) of 
the biotite granitel. 

In discussing the chemical variations in the younger (Cape granites 
C. B. Coetzee (11, p. 199) tabulated 9 analyses of Cape granites together with 
an average of six Kuboos, and an average of six coarsely porphyritic Nama 
Or Cape granites and computed a variation diagram of “other oxides” against 
silica. He then concluded that four of these analyses show (1, p. 200) 
“noteworthy excesses of corundum in the norm, vig. 2.96, 2.35, 2.86 and 2.86 
respectively”. He also constructed a diagram (p. 200) by plotting the molecular 
proportions of K,O against the molecular proportions of Na,0O. 'This diagram 
indicates that “the majority of the points are distributed in a field which is 
approximately bisected by the 1:1 ratio line, but the positions of the four 
analyses with the excess of corundum fall in a separate field in which the ratio 
of K,O to Na,O0 — 1.38.” He continues by saying: “These factors, ie. the excess 
of corundum and the higher potash-soda ratio, are corroborative evidence of the 
assimilation of aluminous-potassic material which in turn conforms to the 
Ccomposition of the Malmesbury shales.” 'This last statement, viz. aluminous- 
potassic material corresponding in composition with Malmesbury shales, has 
no meaning unless a special analysis of the supposed “aluminous-potassic” 
Malmesbury shale in the vicinity of the analysed granites is given. Secondly, 
the four analyses mentioned as exceptions are characterised by low Na,O, hence 
it may be argued that mol.K,O/Na,O is greater than usual because Na,O 
is small. 

Al the analyses of the Cape granites referred to above (cf. 11, p. 199), except 
No. 7, are characterised by normative corundum, and the somewhat higher 
amounts shown in Nos. 3, 4, 10 and 11, are due to the fact that CaO of these 
analyses is relatively low (Table XI, p. 199, shows .94% and .15% COa0O in Nos. 10 
and 11 resp.). There is, however, no reason why the slightly greater amounts 
of normative corundum in these four analyses Which, according to C. B. Coetzee 
himself (11, p. 200), “still fall within the “safety limits! of normative corundum 
for igneous rocks as determined by Bastin,” should be interpreted as due to 
assimilation of aluminous-potassic material by the granite. 

In referring to his variation diagram of the Cape granites, he remarked 
(D. 200) that the composition of the Schapenberg granite (No. 11, Table XD, 
which incidentally also belongs to the group of four rocks with high 
mol.K,O/Na,O “is entirely at variance with the normal variation curves of the 
other granites”. He is of the opinion that it is not a normal aplitie variant 
of the granite and continues by saying (p. 201): “In this representation, however, 


18 


the MeO, and especially the Na,O and FeO of the Schapenberg granite occupy 
truly anomalous positions, which may be referred to contamination by 
sedimentary matter. 'Indeed, if the composition of the latter approached that 
of the average shale, as given by Clarke, the tendency would be towards a 
low soda, a high magnesia and a high total iron, which are exactly the conditions 
that obtain in the Schapenberg analysis.” 

The author presumes that the average shale analysis referred to by 
Coetzee, is probably Analysis No. A on Dp. B44 of F. W. Clarke's Data of 
Geochemistry, having SiO,—60.15, ALO,—I1645, FEO,—404, FeO—99, 
M&O — 2.82, Na,0 — 1.01, KO — 8.60. 'The conclusion made by him concerning 
the assimilation of shaly material is, however, open to criticism. Firstly, it is 
not clear from his argument whether the Original granite magma or its aplitic 
variant was contaminated by the shale, and secondly, if the shale of F. W. Clarke 
referred to above, be assimilated by the gsranite so that the Na,O of the 
resulting product may be lowered, and magnesia be increased to correspond 
with the Schapenberg analysis, it is still hard to account for the high silica 
(75.32%) and low alumina (12.49%) content of this granite. 

It must be borne in mind that C. B. Coetzee (11, Fig. 6, p. 199) originally 
considered this Schapenberg granite together with three others (viz. Nos. 3, 4 
and 10 in his Table X1D) as derived from granite by the assimilation of Malmesbury 
shale, taking as his chief line of evidence the high normative corundum and 
a high molK,O/Na,O ratio. Using these arguments of Coetzee, not the 
Schapenberg rock, but a rock from Llandudno Drive (Analysis No. 8, Table X1), 
showing the highest amount of normative corundum (2.96%) and definitely also 
the highest K,O/Na.,O ratio, should exemplify the highest degree of assimilation 
or contamination of the granite by the said aluminous-potassic material. 'This 
Llandudno rock, however, in contradistinction to the Schapenberg example, fits 
well into his variation diagram (11, Fig. 5), and was, therefore, not further 
discussed by him. Furthermore, his Analysis No. 6 (Fig. 5) shows a very poor 
Correspondence as regards ALO,, K,O, Ca and FeO with the normal trends 
in his variation diagram, but it was not discussed together with No. 11 (the 
Schapenberg rock) in connection with the postulated assimilative process in 
the granite. 

The Geselskapbank granite (11, p. 198) which, according to the description 
given by T. W. Gevers (17, p. 33), is practically identical in mineralogic features 
with the red leuco-granite or aplitic granite from Gannabos (Analysis 10, 
Table 5) in the present area, is considered as abnormal by C. B. Coetzee as it 
agrees neither with the true granites nor with the aplo-granites [ (11), Table VIT, 
No. 1. 'The analysis of the normal aplo-granite of Springputs and the 
“abnormal” rock of Geselskapbank are given as Nos. 8 and 9 in Table 5 above. 
From a mere glance it is evident that no abnormal differences exist between 
these two, as the difference in SiO, percentages is only .85% and that of ALO, 
barely 1%. C.B. Coetzee (11, p. 194), however, suggests that this Geselskapbank 
granite is not a normal aplo-granitic variant of the Namadualand granite but 
that it exemplifies a modification of normal granite magma by the addition of 
pure silica to an amount of 6.02% by weight of silica. 

If the assimilation product of Geselskapbank is tested according to the 
potash-soda molecular ratio and normative corundum criteria, it will be found 
that, although the corundum is low (.10%), owing to the relatively high percentage 
of CaO in the analysis (1.36%), the potash-soda molecular ratio is approximately 
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13. Should this Geselskapbank analysis therefore be plotted with those of the 
Cape granites [C. B. Coetzee (11, Fig. 6) 1, it would group with Nos. 3, 4, 10 and 11, 
having a potash-soda molecular ratio of 1.3. Similarly, the Gannabos granite 
(Table 5, No. 10), which has been considered as an aplo-granite (p. 169), and which 
shows a molecular potash-soda ratio of 1.3 and normative corundum of 1.86%, 
would fall in the same field as the above-mentioned. rocks. On these grounds 
then the two rocks (ie. Gannabos en Geselskapbank aplogranites) may be 
considered to have originated from a granite or aplitic granite which has 
assimilated shaly material. 

This Gannabos granite is, however, even more silicic than the Geselskapbank 
granite, and according to the one line of argument of C. B. Coetzee, these two 
should represent granites which have assimilated pure silica, and on the other 
line of argument their chemical analysis may indicate assimilation of aluminous- 
potassic material. 

The above somewhat lengthy discussion should not be interpreted as the 
author's intention to prove that some assimilative process or other never played 
any part in any of the granites discussed. He merely wishes to emphasize that 
such an intricate and not too well understood process as the assimilation of 
sediment by a magma, and especially a granitic magma, should not so easily 
be inferred from the sole evidence obtained from the variations observed in a 
few random chemical analyses, and the various curves readily computed from 
such chemical data. 

In a thesis on the geology of the Copper ore deposits of Springbok and O'okiep, 
C. A. Strauss (66, p. 49) leads mineralogic evidence to show that contamination 
of the granite has taken place during its emplacement. He considers that the 
biotite gneiss represents a contaminated phase of the granite, being the result 
of the intimate injection and assimilation of the argillaceous sediments by the 
granites. His example which shows the excessive contamination best, is a 
fine-grained strongly foliated gneiss containing 34.0% sillimanite, and "7.2% 
almandite which was found where the granite-gneiss grades into sillimanite 
biotite schists (66, p. 43). He furthermore states (p. 43) that the granite-gneiss 
often contains garnets specially in the vicinity of argillaceous sediments, and 
draws the conclusion that “the invading magma caused the metamorphism in 
these argillaceous rocks, and further assimilated most of them.” According to 
N. L. Bowen (6, p. 216) the presence of such minerals as sillimanite and garnet in 
granite could be taken as proof of an intermediate stage in the reworking of the 
inclusions of sedimentary material. 'The occurrence of these minerals as recorded 
by C. A. Strauss may be used as an argument in proving on mineralogical grounds 
that assimilation was locally an active process in the intrusive granite of that area. 


(ii) Contamination and Hybridisation as Inferred 
from Observations in the Nuwerus Area 


In contradistinction to the Springbok granite described by CO. A. Strauss the 
Namadualand granite of the Nuwerus area does not appear to be characterised 
by the presence of cordierite and sillimanite. Garnet, however, is sporadically 
distributed. M. Mathias (42, p. 179) also remarked that although Drs. Rogers, 
Du Toit and Gevers all recorded the presence of sillimanite in the Namagualand 
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gneissic granites, she did not observe this mineral in the samples investigated 
by her. 

The effect of the intruding granite on country rock and vice versa will be 
best studied from a consideration of a few type localities in the present area. 


Mechanical disintegration of pre-granitic rocks and their subseduent 
incorporation by the invading granite is well displayed at Uitspanberg. The 
oCccurrence of small inclusions of noritie rocks in the granite on the eastern slopes 
of Uitspanberg has already been mentioned (p. 114). Lower down the slopes small 
xenoliths (a few inches in length) of metamorphosed sediments composed 
essentially of duartz, cordierite and sparingly distributed reddish garnets, and 
whose strike conforms in direction with the general structural grain of the granite 
were found. 'Thin sections revealed no visible reaction between the granite and 
the inclusions, and also, the included basic rock is free from all effects of alteration 
or reaction. Still lower down the slopes at the foot of Uitspanberg a greenish 
rock of granitic appearance was sampled. In thin section it shows patches of 
green uralite, plagiociase (AN), orthoclase perthite and duartz. 'The 
plagioclase comprises almost one-third of the total amount of leucoeratiec minerals, 
and the rock is therefore not a normal Namadualand granite. 'The relatively 
coarser grain and the evenly eztinguishing nature of the plagioclase show that 
very little reaction between the intrusive granite and the original rock took place. 
This original rock probably belongs to the older complex of igneous rocks of 
this area. 


Furthermore, the included spindles of metamorphic argillaceous rock cannot 
pe considered as due to the metamorphic effect of a granite which was unable to 
produce any changes in the pre-granitic igneous rocks (see above). 'The theory 
that the high grade hornfelses of the area were not caused by the intrusion of 
the Namadualand granite, therefore, seems to be further substantiated. 

Other examples illustrating the process of incorporation of older rocks by the 
granite were obtained from the national road cutting north of Bitterfontein 
(p. 110). The rock occurring here is not a normal granite, and as already remarked 
the green patches in the rock consist of uralite derived from original hypersthene. 
What is more important still is the presence of two distinctly different varieties 
of plagioclase feldspar. The one type, occurring especially in conjunction with 
the uralite, is a clear, evenly extinguishing andesine with broad twin lamellation, 
while the other type is a turbid thinly lamellated oligoclase common to the normal 
granite. That the incorporated basic rock, presumably akin to the other 
pre-granitie basic rocks occurring in this area, was not assimilated or granitised 
to any large extent, is evident from the fact that no discontinuous more acid layers 
are found around the andesine, which would have been the case had reaction 
according to the principle of N. L. Bowên taken place. A very slight reaction, 
however, did take place, the andesine and micerocline reacting in some instances 
to form a poorly developed vermicular structure in the border zones of the andesine 
when in juxtaposition with microcline. 

The mechanics of this process of incorporation of country rock by the granite 
has already been discussed in connection with the banded gneisses of Greelputs, 
in which case the poor réactivity of the invading granite has also been 
remarked upon. 

Associated with these injected banded gneisses at Geelputs, are some undoubted 
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para-gneisses (cf. p. 115), which reveal mineralogical peculiarities probably caused 


by the intrusive Namadgualand granite. 
One of these rocks is a medium-grained sphene bearing para-gneiss which 


does not hold any uralite and is, therefore, presumably not derived from the 
pre-granitic noritic rocks. 


SEER 


Fig. 7 CA). Gmeissic rock con- Fig. 7(B). 'Titanite occurring 
sisting mainly of sericitised in apparent interstit'al relation- 
plagioclase, dguartz and biotite ship in a duartz-plagioclase 
with calcite wedges occuprying gneiss. X 30. 
the cleavage cracks in the 

biotite. 


Under the microscope the gneissic character is almost wanting and the rock 
is seen to consist mainly of a granoblastic aggregate of a plagioclase and duartz 
with fairly large unorientated flakes of a typical metamorphic biotite. Sphene, 
magnetite, epidote, chlorite, calcite and apatite are also present. Apart from 
the plagioclase one or two crystals of a soda-orthoclase (2V.— 638) may occur 
in the thin section. 

The plagioclase is usually sericitised beyond determination; the sericite 
occurring sometimes in well developed flakes. In some plagioclase individuals 
where the aggregates of sericite flakes are less dense, the plagioclase twinning is 
visible and U.M. stage determinations show that it has a composition correspond- 
ing to ANnss-ss. Around some of the plagioclase grains sericite-free borders were 
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observed. The composition of these borders approaches that of pure albite. 
Epidote is sparsely distributed occurring in large grains associated with sphene 
and ore. Tt does not appear as scattered grains on the feldspar as noticed 
elsewhere (p. 159). Instead of this mineral, calcite has developed. 'The profuse 
occurrence of calcite instead of epidote in these rocks may be due to the scarcity 
of available iron at the time when the saussuritisation took place. 


Biotite is well represented, though not abundant, and is altering to a green 
chlorite. An intermediate stage in this process is a green biotite indistinguishable 
from the chlorite, but it still shows the high birefringence of a biotite. Al three 
varieties may be present in one and the same mineral flake. (Calcite may be 
precipitated as thin wedges along the cleavage cracks of the mica (Fig. TA). 
Sphene is fairly abundant. In one thin section it is seen forming rims around 
the magnetite probably signifying the dissociation of an original titanomagnetite. 
In another it occurs as rounded or euhedral crystals. Sometimes also it appears 
to be interstitial to the guartz and plagioclase grains (Fig. 7B). Various stages 
of alteration to leucoxene has been observed. 


Magnetite may occur as fairly large rounded grains, but one particularly 
peculiar mode of occurrence of this mineral should be mentioned. It forms 
skeletal aggregates consisting of fragments of magnetite showing the cubic habit, 
set in a base of penninite, guartz and occasional calcite. The appearance of the 
entire aggregate as well as the mineral association suggests that it replaces an 
almanditic garnet. In this respect the occurrence of garnet (Al, PY,.) in the 
para-gneisses and hornfelses is of interest. 


These sphene-bearing gneisses probably represent calcareous sediments which 
under the regional metamorphism aided by the thermal effect of the pre-granitic 
basic intrusions — processes assumed to have been operating on the Primitive 
rocks — were transformed into garnetiferous para-geisses. 


The sericitisation and calcitisation with the concomitant formation of albite 
round the andesine; the chloritisation of the biotite, the formation of sphene 
and magnetite from titanomagnetite and the alteration of the garnet, are all con- 
sidered as processes of a later date than the metamorphism mentioned above. These 
changes, together with the uralitisation of the ferrohypersthene in the banded 
migmatic gneisses (p. 115), are attributed to the intrusion of the Namadgualand 
granite. That the granite itself had very little infiuence in the sense of thermal 
metamorphism is evident, and the important changes wrought in the para-gneisses 
can be ascribed to a process of metasomatism, and was probably mainly due to 
the action of solutions characteristic of the late stages of the cooling granitic 
magma. 'The presence of such soiutions is ciearly displayed by the way in which 
calcite has been deposited in the cleavage cracks of the biotite (Fig. TA). 

The sphene occupying a pseudointerstitial relation to guartz and plagioclase 
(Fig. 7B), the presence of large apatites as well as the exceptional occurrence 
of a few simple twins of a potash feldspar (2V.— 63) probably soda-orthoclase, 
in this gneiss, may indicate that actual addition of granitic material to the included 
para-gneiss also took place. 

The fact that potash feldspar is almost absent from the gneiss may probably 
be accounted for by assuming that the invaded metamorphic fragments formed 
a filter to the already highly erystallised granitic magma, yielding only access to 
the final liduid phase charged with the volatile constituents, which were responsible 
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for the peculiarities observed in these metamorphic rocks found at Geelputs and 
similarly also at Modderfontein. 


This mode of hybridisation is described by H. H. Thomas and W. C. Smith (68), 
who investigated the hybridisation of the Trégastel Ploumanac'h granites of 
Cétes du Nord, France. 'They state (p. 286): “It is clear that the granite magma 
which affected the hybridisation was already in an advanced state of crystallisation. 
The earlier solid phases, microcline perthite with subordinate oligoclase, had 
commenced to separate, and thus the hybridisation was brought about by the 
residual alkaline and siliceous liguid phase, rich in volatiles, in which the 
porphyritie crystals of alkali-feldspar were growing. At the junction of the 
granite with the hybrid rocks the appearance of sharp contacts is conveyed by a 
more or less abrupt cessation of the feldspar (alkali) phenocrysts.” 'They believe 
that the hybrid acted as a filter which only allowed free difusion of the mesostatic 
residual liguid. 


The increase of titanomagnetite or ilmenite, sphene and apatite in the hybrid 
rocks of Geelputs, may be easily vizualised as due to transportation into these 
rocks of phosphoric and titanic acids by the said late liduids [cf. H. H. Thomas 
and W. C. Smith (68, p. 289) 1. 

Regarding the occurrence of garnets in the Namadgualand granite, the findings 
of C. A. Strauss (66) in the Springbok area have been mentioned. Similar 
occurrencees, but of much more local significance, have been recorded at 
Modderfontein, Volstruisfontein and south of Bitterfontein Beacon. 'The 
association of garnets with coarsely pegmatitic material of the granite has been 
established at all three localities. At Modderfontein garnet is sometimes profusely 
developed. It occurs as large rounded grains in the porphyritic granite as well as 
in the brownish gneiss. A fine aplitic phase of the £ranite on the other hand 
bears elongated spindle-shaped aggregates of the pinkish garnet: a mode of 
oceurrence also described by C. A. Strauss from certain localities in the Springbok 
area (66, pp. 41 and 44). 

A study of slices of the Modderfontein rocks reveals almost the same 
characteristic features, observed in the hybrid rocks of Geelputs and Bitterfontein 
national road cutting. Garnet, however, is more prominent, and the reaction 
between andesine feldspar and the microcline has advanced further than in 
the rocks just described. 'The original para-gneiss of Modderfontein consisted 
chiefly of unzoned and beautifully twinned andesine (An,,), With large grains of 
duartz and several well-defined flakes of metamorphic biotite and occasional 
irregular garnets with vermiform segregations of iron ore. It can, therefore, be 
considered as a metamorphic product of a calcareous or feldspathic sandstone 
(cf. A. Harker (24, p. 247) | under such conditions of metamorphism as have been 
postulated to have operated in this area, 

The garnet occurring in the granite creates some difficulty. lt may be argued 
that the garnet is derived from the incorporated garnetiferous metamorphic rock. 
Such an explanation is hardly feasible on the ground of the abundance of the 
streaks of garnet in the aplitic phase of the granite, in contradistinetion to the 
irregular development of garnet in the para-gneiss. The author is, therefore, 
of opinion, although it is difficult to prove, that in the late stages of the activity 
of the hybridisation the granite was locally contaminated by reaction with 
material derived from the metamorphic rock and thus yielded the garnet. 
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1t, therefore, appears to be likely that some granitic material (the late 
residual products) was transferred to the inclusions of engulfed country rock, 
but it is difficult to visualise to what extent the granite has incorporated material 
derived from such inclusions. And in general the author is of the opinion that 
assimilation has not modified the composition of the intrusive granite to any 
appreciable degree. 

The part played by the granite in the production of the green injected or 
migmatic gneisses of Bitterfontein may now be briefiy summarised: 


(1) In the banded injected rock where the green schistose and the pinkish- 
white granitiec materials alternate. (a) The albitic rims around grains of 
oligoclase in contact with microcline was not a persistent feature. These 
rims, if present, are narrow, but guite freguently they are absent. 'The 
fine myrmekite in oligoclase, usually accompanying the formation of 
albitic rims around the former was rarely observed. These facts point 
to the feeble reactivity of the intrusive granitie material. (b) Microcline 
holding very few and small perthitic segrégations was seen to enclose 
grains of epidote and hornblende, probably derived from the schist. 


(2) In those green rocks from which the injected materials is wanting — 
(a) microcline was not observed; 
(b) albitisation of the oligoclase did not occur. 


From these facts tabulated above and in connection with what has been 
previously discussed, the following conclusions seem justifiable: 


(1) The granitic material was injected into the green rock probably in a 
manner analogous to the mode of mechanical disintegration of country 
rock by the intrusive (Type III), as described by S. R. Nockolds (47). 
He outlines this process as follows (p. 587): “There is actual injection of 
granitic material en masse. 'This occurs chiefly in rocks which have a 
well-defined schistosity or many close-set planes of weakness giving rise, 
both at contacts and in xenoliths, to lit-par-lit injection.” 


(2) The bands of schist material have preserved their outlines and have 
Temained essentially solid throughout the course of injection. 


(3) Replacement in the sense of oligoclase — microcline reactions and 
impregnation of the sediment by the granitic material (crystals of 
microcline in the green bands of the rock enclosing minerals like 
hornblende and epidote occurred), but only on a small scale. 'The 
Substance of the microcline is definitely one of the materials contributed 
to the schist by the magma, but there is on the other hand, no indication 
that the granitic or aplitiec veins and veinlets have acduired their position 
by replacement of the schist [cf. $S. R. Nockolds (48, p. 485) ]. Discussing 
more or less similar phenomena concerning the penetration of country 
rock by a granite magma in the Inyo Batholith, G. H. Anderson (2) also 
expresses the opinion that magmatic material appears to have penetrated, 
but not to have displaced the country rock.” 


(4) The temperature of the intrusive material must have been so low and 
the composition such, i.e. poor in volatile constituents, that large scale 
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reactions were out of the guestion. 'The poverty in volatiles is reflected 
by the absence of such minerals as fluorite, tourmaline, etc. from the 
injected or migmatic gneiss. 


(iii) Metamorphic Effect of the Namagualand Granite 


Tt would not be out of place here to summarize the evidence already briefly 
referred to regarding the thermal metamorphic effect of the granite. From the 
previous discussion of the hybridisation and mechanical disintegration, it is clear 
that the thermal metamorphic effect of the granite was rather insignificant. 

This is also borne out by the many clear cut contacts between the granite 
and country rock. C. B. Coetzee (11, p. 174) also remarked on the occurrence 
of knife sharp contacts of this granite with older rocks in the area near the 
Orange river. 

Where the limestone of the pre-granitic series was found at a distance of 
about fifty yards from the intrusive contact, as near Guaap (see p. 111) it displayed 
no visible signs of metamorphism. 

The epidotisation of the duartzite by veins of pink pegmatite, already 
discussed in connection with the hornfelses of Hoedkop—Hartseerkop (p. 106) is 
probably due to the infiuence of the intrusion, as the epidote crystals decrease 
in number and size away from the intzusive contact. It has also been remarked 
(p. 149) that the epidotisation and sericitisation in some of the guartzo-feldspathic 
xenoliths in the granite may be due to the effect of the intrusion. 

Although most of the pre-granitic noritic rocks of the area have escaped 
alteration under the inffuence of the later granite, the altered basic rock of 
Groot Riet creates a notable exception. Mineralogically this rock has been 
described on page 123, and all the evidence suggests that it represents a 
hydrothermally altered noritie rock. 

Tt is, therefore, possible to ascribe to the granite intrusion mainly changes 
due to aegueous solutions and metasomatism as has'also been recorded in the 
case of certatin gneisses from Geelputs. 


THE EMPLACEMENT OF THE GRANITE 


As only the southernmost exposures of the large Namadualand granite 
batholith are within the confines of the area investigated, no definite conclusions 
concerning the emplacement of this intrusive mass can be drawn #rom the 
evidence afforded by the study of this area alone. 

The granite cropping out in the Nuwerus area is mostly of the fine-grained 
or fine- to medium-grained type. (Coarser grained and porphyritic types were 
only found towards the south in the vicinity of Nuwerus and Flaminkberg. The 
chemical analyses as well as the modes reveal that the finer grained or marginal 
facies of the Namadualand granite is more acid than the coarser grained rocks. 

It has already been pointed out that the orientation of the flow planes 
imparts a regional E.-W. planar structure to the granite, and that a structural 
parallelism exists between the various inclusions and roof pendants of Primitive 
rocks and the intrusive granite. This, no doubt, indicates that the emplacement 
of the magma was guided by the pre-ezisting structural weaknesse such as bedding, 
foliation and planes of schistosity, and further suggests a concordant relationship 
between the intrusive granite and the country rock. 
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The unreactive and usually clear cut contacts with the country rock indicate 
that the injection or welling up of the magma took place in a relatively cool zone 
of the crust, so that the crystallising magma had little opportunity to react with 
the invaded rocks before its complete consolidation. 'This is borne out by the 
observations on the injected green schists of Bitterfontein. 

From these observations is would appear that the part of the batholith 
exposed in the Nuwerus area is not of deep-seated origin. According to the 
reasoning of T. W. Gevers (17, pp. 41-42), however, the presence in this area 
of small slightly altered pegmatites that are all barren, may indicate a deeply 
eroded part of the Namadualand granite batholith. 


VIII. THE NAMA SYSTEM 


As already mentioned in Chapter III the rocks comprising the Nama system 
are the only sedimentary rocks, found in this area, which are younger than 
the Namadgualand granite. 

The system is subdivided into two series. 'The lower series, the Nuwerus 
series, consists chiefiy of arenaceous rock-types like arkoses, Tfeldspathic 
duartzites, etc. and is followed concordantly upwards by the Schwarzkalk series 
consisting of a thick succession of soft shales with intercalations of limestone 
near its base and sandstone and gritty or conglomeratic layers towards its top. 

The name Nuwerus (Nieuwerust) series was given to the arenaceous lower 
member by A. W. Rogers (54, p. 35) in 1904, as these rocks are especially 
significant around the little village bearing that name. 'Those sediments of 
mainly argillaceous nature, following concordantly on the Nuwerus series, and 
which were at first considered as the oldest sediments in the Vanrhynsdorp 
area by A. W. Rogers (54, p. 12-13), were correlated by him with the Malmesbury 
series mainly on lithological grounds. He states (57, D. 342): “These pre-Cape 
beds were assigned to the Malmesbury series on account of their resemblance 
in lithological characters to the Malmesbury beds south of the Berg River.” 

The present author has decided to retain the name Nuwerus series for the 
lower member of the succession; but for the upper member, however, the name 
Schwarzkalk series is preferred (p. 202). 

The rocks belonging to this formation occupy the three major structural 
troughs south of Groot Riet and Draaihoek. Furthermore, the Knersvlakte 
bounded in the west by the Flaminkberg and Nieuwoudts Nauwte faults is 
underlain exclusively by shales and clays of the Schwarzkalk series. West of 
the Nieuwoudts Nauwte fault the Nama (Nuwerus and Schwarzkalk beds) is 
preserved as a roughly triangular patch between the above-mentioned fault, the 
Nuwerus fault and the transverse fault north of Nuwerus. It furthermore occurs 
in the western portion of the mapped area, as the almost circular, much 
faulted, BEenkoker outlier. Except for these two occurremces, the resistant 
Nuwerus series only, is preserved as outliers on the granite and pre-granitic 
rocks west of the Nieuwoudts Nauwte fault. 

In the south of the area the Flaminkberge consist of Nuwerus rocks dipping 
southward below the Schwarzkalk series. 


THE NUWERUS SERIES 


In general it may be said that this series consists of arkoses, arkosic grits, 
feldspathic sandstones, feldspathic duartzites and practically pure guartzites. In 
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a few instances thin chloritic shaly layers were found near the base. The 
series is characterised by the absence of any persistent and well developed 
conglomerate phases. Lenses of conglomerate are, however, met with as pebble 
bands varying from a few inches to several feet in thickness [cf. A. W. Rogers 
(56, p. 382) |] within layers of the feldspathic sandstones. 

Falsebedding is a duite common feature of the arkosic and duartzitic 
sediments. Ripple marks have been observed in the auartzites but are by no 
means prevalent. 

The arenaceous beds of the basal layers of the Nama formation were no 
doubt deposited on the almost horizontal surface of the Namadualand granite. 
The series very often, especially in the southern sector, commences as a highly 
feldspathic gritty layer. Although no definite or persistent conglomerate marks 
the base of the series, conglomeratic lenses may be interstratified with the 
lowermost arkosic grits as is the case at Rhebok. Conglomerates consisting of 
fairly large pebbles loosely cemented by feldspathic material characterise the 
basal layers of the series in the outlier due south of Nuwerus. 'True “in situ” 
arkoses were found on the granite south of Nuwerus, which indicate that in 
some ijinstances very little transport of the disintegrating granite on the 
pre-Nuwerus surface took place. Tn the basal layers of the Nuwerus series, 
south-east of Nieuwoudts Nauwte where they have been laid bare by a tributary 
to the Geelbeks River, and also on the western side of the ridge south of 
Houmoed, “in situ” arkoses were found. 'The rock here consists of highly 
weathered granitic material which, except for a crude sedimentary lamination, 
is indistinguishable from the underlying decomposed and kaolinised granite. 

There is a general tendency in the Nuwerus series to become less feldspathic 
from the base upwards. Where the basal layers are usually soft arkosic 
rocks, the upper layers often consist of reddish or bluish weather-resisting 
guartzites with little or no feldspathic material. None of these layers are 
persistent along the strike; the series as a whole is subject to extreme lateral 
variation. One of the most important features of the Nuwerus is its rapid 
thinning and concomittant change in lithology from south to north. In the 
north where the series is thin the arkosic layers are wanting and it consists 
essentially of bluish or purplish feldspar-free gritty duartzites. 

It reaches its maximum thickness in the sector south of Nuwerus. 
A. W. Rogers (54) reported a thickness of 500 ft. in Kitsberg. 'The following 
guotation (54, p. 37), serves to indicate the extreme vertical variability of 
the series: 

“At the north end of the Karree Berg group on a hill called Thomas Kits Berg 
locally, the following descending section was obtained: 


Hard blue duartzite Re N NT is EO GEE. 
@nartzitie arkoses oe LA EE Es 
Hard blue duartzite Ko GE EE es EE 
Guartziiie &rkose” ... sak AL ooN 
Gonslomersgte ie He AA NN 2 
Arkose with a shale band 18 ft. thick in middle .. 100 ,, 
Gonpelomeratei MM AE ON did 
Arkose EMM Ad As BEER. OG) 
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This, of course, does not represeat the total thickness as we have no idea 
how much of the series has been eroded after the removal of the overlying 
Schwarzkalk shales. In the vicinity of Flaminkberg where a dip section from 
the underlying granite up to the overlying Schwarzkalk in the south is exposed 
by the stream flowing from Nuwerus, the thickness of the Nuwerus series was 
estimated to be at least a thousand feet. Northwards and also eastwards the 
series thins rapidly. On the farm Graafwater where the Nuwerus series is 
exposed between its unconformable contact with the Primitive system rocks 
below and the Schwarzkalk shales above, it is less than a hundred feet thick. 

To the north-west of this occurrence from Toontjieskop (Rhebok) to 
Groot Riet the thickness of the series probably never exceeds and is usually less 
than 80 ft. 'The large areal development displayed by the series at the former 
locality (Rhebok) is solely due to the nature of this series to form well developed 
dipslopes. A. W. Rogers (56, p. 34) stated that the thickness of the Nuwerus 
series there may be up to 350 ft, but careful investigation disclosed that if the 
underlying sheared arkosic sediments of the Primitive systems be taken into 
consideration it is doubtful whether the former exceeds 50 ft. 

Although the Nama sediments appear to have been deposited on a fairly 
even, horizontal granitic surface, folding and faulting have affected them 
subseguently so that the bedding is now seldom found to be horizontal. In 
the south of the area the dips are usually low, and range from 5* to 12”. In 
the three N-$S striking troughs the dip is higher, from 10* to 30”, being usually 
about 18”. As the Nama sediments in these troughs have been preserved only 
on the downthrow, i.e. east sides of the normal N-S striking faults, their dips 
are invariably in a westerly direction. 


THE NUWERUS SERIES EXPOSED IN THE N-S TROUGHS 


From 'Toontjieskop the Nuwerus series cropping out between the granite 
and Primitive system rocks, and the Schwarzkalk shales, stretches almost true 
north to Groot Riet. 'There it curves round to the west and is eliminated by 
the Groot Riet fault. Here a few .outliers are preserved on the granite. 

Between Toontjieskop and Groot Riet the outcrop of the series disappears 
from the surface three times. 'This may be due either to faulting as in the 
gap (almost one mile long) opposite Kwanous, or to a thinning of the outcrop 
and the absence of dipslopes as seen north of 'Toontjieskop where the road 
from Houmoed to Langdam crosses the ridge. 

At 'Toontjieskop the series resting on the feldspathic rocks of the Kheis 
Or Primitive system is feldspathic at its base but more duartzitic towards the 
top. Northwards the series becomes less feldspathic, while to the north of the 
last-mentioned gap a thin layer of whitish-grey duartzites caps the granite ridge. 

Just south of Aronegas the outcrop thins again and the effect of faulting 
becomes evident. A third gap in the outcrop along this ridge is created, and 
limestone of the base of the Schwarzkalk series is found in contact with granite 
south of the Hartbees River. On the northern bank of the river the outcrop 
of the Nuwerus series, displaced eastwards by transverse faulting, is again 
well exposed. 'The rock-type is the typical purplish grit and dguartzite; a dark 
purple compact shale appearing near the base of the series. 'The purplish 
colour is due to the presence of manganese oxides, and black oxide of this 
element forms a coating on joint planes and exposed surfaces of the rock. 
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Along the middle ridge, ie. the Breektand—Guaap—Gannabos ridge, the 
Nuwerus series is poorly represented and does not form such prominent 
topographic features as in the western ridge just discussed. It has been 
eliminated in the vicinity of Menschlief and Guaap by a subsidiary N-S fault. 
The prominent hill “Guaap se Berg” is not built of Nuwerus series, as indicated 
on Sheet 19 of the Cape Geological Commission, but of Kheis rocks (see p. 111). 

The series is, however, represented by two strips of duartzitic rocks at 
Graafwater; and they owe their distribution to transverse faulting. 

North of Menschlief then, the Schwarzkalk shales are in contact with the 
Kheis rocks along a subsidiary fault. Near Volstruisfontein the effect of the 
faulting diminishes and the Nuwerus series consisting of purplish grits appears 
again. From here northwards past Gannabos and Modderfontein the outcrop 
is thin (4 20 ft. thick), and very inconspicuous. As it has been doubled and 
offset by various transverse faults it is sometimes difficult to follow it in the 
field. To the north-east of Modderfontein trigonometrical beacon a few isolated 
Outliers of Nuwerus duartzites are found on the granite. 'These outcrops are 
not in line with the narrow outcrop just described and they probably occupy 
that position as a result of faulting. 

Purplish grits of the Nuwerus series are also exposed in the Hartbees River 
SE. of the farm house at Modderfontein. 'The occurrence of Nuwerus series 
here can only be explained by faulting. 

At the northern extremity of the Hartseerkop—Hoedkop ridge near 
Draaihoek, the nature of the Nuwerus series is the same as has just been 
described. Southwards towards Hoedkop the Nuwerus outcrop becomes more 
prominent and the nature of the sediments changes rapidly. Opposite 
Volstruisfontein the friable yellowish feldspathic grits of the Nuwerus are 
affected by a small transverse fault. At Hoedkop, the highest point of the 
ridge, the series consists of light yellowish feldspathic arkoses followed by 
whitish true duartzites, but the thickness is certainly not more than 60 Tt. 
tei AN W Bogers Go ps 

South of Hoedkop the Nuwerus outcrop becomes discontinuous and builds 
isolated patches on the steep western side of the ridge. 'The subsidiary strike 
fault occurring along the western side of the ridge has caused the Nuwerus 
rocks to disappear almost completely further south, where it is represented 
by thin strips of duartzitic boulders only. 

The dip of the Nuwerus duartzites near the overlying Schwarzkalk is 
relatively steep from 16” to 25”, but higher towards the top of the ridge the 
dip decreases, being only from 5*-10'. 'This affords proof of the gentle synclinal 
and anticlinal folded structure which existed prior to the faulting (p. 210). 

East of the Tafelberg fault broad dipslopes of whitish auartzites of the 
Nuwerus series not more than 30 ft. thick, have been preserved on the 
granite, forming the prominent Tafelberg, the highest point in the area 
surveyed. South of Tafelberg these very thin Nuwerus duartzite outcrops are 
preserved in a pitching anticlinal structure. Still further southwards the series 
disappears under the Schwarzkalk shales of the northern prolongation of the 
Knersvlakte. 

Small outliers of feldspathic rocks of the Nuwerus series dipping at high 
angles towards the fault plane and suggestive of the same pitching anticlinal 
and synclinal structures, are preserved along the western side of the southward 
extension of the Tafelberg fault. 
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THE SERIES IN 'THE VICINITY OF NUWERUS 


From the lithological point of view as well as regards its mode of deposition, 
the Nuwerus series is best studied in this vicinity. The Nuwerus rocks capping 
the granite usually constitute prominent topographic features on the soil-covered 
granite flats. These outcrops have been actively eroded by the small streams 
in this neighbourhood and the unconformable contacts between granite and 
Nuwerus series are well exposed. 'The small N-S striking outlier north-west of 
the farm Witputs, which has been displaced on its western side by a prolongation 
of the Nuwerus fault, may now be discussed. 


The Nuwerus series is about 200 ft. tnick and commences as a co2glomeratic 
layer. The conglomerate consists of pebbles ranging up to 3 inches in 
diameter. They consist exclusively of poorly rounded bluish vein @guartz 
material set in a matrix of finer grains of guartz and powdery feldspathic 
material. 

The bluish auartz pebbles, characteristic of all the pebble bands of the 
Nuwerus series of this vicinity, are undoubtedly derived from the bluish guartz ` 
veins associated with the granite of this area. 

Vertically the conglomerate band soon grades into a feldspathic grit which 
in turn becomes an ash-grey feldspathic sandstone some 20 to 30 feet above 
the basal contact. Still higher. the feldspathic material decreases and almost 
disappears, so that the top of the series consists of a pale pink almost 
feldspar-free guartzite. 

The basal contact of this outlier grades a little further to the north into 
an “in situ” arkose. 'This loosely consolidated arkose, however, soon grades 
vertically into a less friable feldspathic sandstone. 

In this outerop the dip is gentle and in a westerly direction. 'To the south 

the Nuwerus series shows slightly higher dips up to 15” in a southerly 
direction. Steeper anomalous dips are found locally, especially near the 
fault planes. 

In the little “graben” at Witputs the rocks of the Nuwerus series are well 
exposed in the meanders of the little stream flowing from Nuwerus southward 
between the two faults. 'The succession dips southward in the direction of 
stream flow. It commences with the usual whitish or cream coloured feldspar-rich 
grit, followed by a friable feldspathic sandstone, containing thin bands of a 
smali-pebble conglomerate. 'This is succeeded by some 30 feet of crenulated 
chloritic shaly material. The latter is followed by a considerable thickness 
(approx. 1,000 ft.) of feldspathic sandstones, gradually becoming poorer in the 
weathered feldspar material to form southward dipping duartzites, which when 
followed in the direction of dip, disappear below the Schwarzkalk shales. 

The trigonometrical beacon of Flaminkberg is situated on the N.-E. corner 
of the outcrop just described. In the vicinity of the beacon the alteration of 
layers successively richer and poorer in feldspathic material is well displayed in 
the alternation of more and less resistant layers in the main outcrop. 

In the area between the Flaminkberg and Nieuwoudts Nauwte faults, the 
Nuwerus sediments are preserved as the prominent Karreeberg and Kitsberg 
masses already referred to. 

North of these another outlier is encountered on which the trigonometrical 
beacon of Nuwerus is situated. This outlier is bounded by a fault on its western 
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side against the granite, and it affords one of the few localities where the 
feldspathic guartzites of the Nuwerus series are visibly sheared. 'This is, no doubt, 
to be attributed to the faulting. 

Between Nuweruskop and the village of Nuwerus is a fairly large areal 
development of Nuwerus rocks. The outcrop consists of a syncline pitching in 
a northerly direction. 'To the north, beyond the E.-W. transverse fault, shales of 
the Schwarzkalk series are also preserved in this syncline. In the Nuwerus 
outlier at the beacon the dips are fairly low in an easterly direction, but in the 
main mass lying to the west of the former, the rocks dip westwards. It would 
appear, therefore, that the little kloof underlain by granite, and which separates 
these two occurrences, has been cut on the slightly faulted crest of a broad 
anticline. In the main mass of Nuwerus rocks the base is formed of feldspathic 
grits and grey weathered arkoses, followed by a medium-pebble conglomerate. 
These pebbles also consist exclusively of bluish-white vein duartz, and on 
weathering these conglomerates, leave a soil strewn with pebbles approzimately 
one inch in length. 

It may be remarked here that although A. W. Rogers (56) recorded that pebbles 
in the conglomerate bands of the Nuwerus consist of vein duartz, granite as well 
as guartz-feldspar granulite, the author failed to locate pebbles of the two 
last-named rock types in these conglomerates. 

North of this occurrence the Nuwerus outcrop has been affected twice by 
transverse faulting, giving rise to a relatively narrow, though prominent, outcrop 
along the Nieuwoudts Nauwte fault, which skirts the Knersvlakte in the direction 
of the farm Nieuwoudts Nauwte. In this outcrop also the effect of the original 
pitching synclinal and anticlinal structure of the Nama rocks is clear. 

Two small outliers of the series which are of particular interest occur near 
the southern boundary of the mapped area, some 600 yards south of Witputskop. 
Thus far it may appear that in the surroundings of Nuwerus, the basal layers 
of the series are constituted either of highly feldspathic arkoses or conglomeratic 
lenses associated with feldspathic grits. Although such is generally the case, these 
two small outliers only 10 to 15 ft. thick, with well-displayed unconformable 
contacts on the underlying granite, consist entirely of hard bluish duartzites. 
These dguartzites are not entirely pure, as small amounts of weathered feldspathic 
material occur in between the duartz grains. 'The rock type forming the base 
of the series here is characteristic of the uppermost layers of the series elsewhere. 

Just south-west of the trigonometrical beacon of Elandshoogte and stretching 
towards the farm Kersbosvlei is another outlier of Nuwerus series. 1Tt forms the 
limbs of a southward pitching broad anticline. Apart from its structural 
importance, this outcrop does not hold any new lithological features. 

Another lithologically unimportant, but structurally interesting occurrence, 
is the Eenkoker outlier. 'The rocks of the Nuwerus series form a nearly circular 
rim, dipping inwards below the Schwarzkalk series of the basin-like depression. 
The rocks in the eastern rim of the basin dip westwards at an angle of 15”, but 
the dips are lower (from 6” to 8”) in the southern and south-eastern portion. 
The western border of the basin is a hill on which the trigonometrical beacon 


of Eenkoker is situated. In this hill, especially south of the. beacon, the Nuwerus 
rocks are almost horizontal. 
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THE SCHWARZKALK SERIES 


In mapping the Nama formation, the transition of the purely arenaceous 
basal portion to a series of mainly argillaceous rocks was taken to indicate the 
base of the Schwarzkalk series. Although the actual contact between the 
Nuwerus and overlying Schwarzkalk beds was seldom observed in the field: owing 
to the cover of soil and debris the boundary between these could, however, be 
mapped with a fair amount of accuracy, because of the difference in weather- 
resisting properties of the two series. 'The arenaceous rocks of the Nuwerus series 
usually form dip slopes, dipping underneath the soft Schwarzkalk shales occupying 
the low ground. Where this difference in altitude is wanting, and the Nuwerus 
rocks thus crop out on low ground, as for example near the farm of Draaihoek, 
the lithological differences between the purplish gritty duartzites on the one. 
hand, and the greyish-green shales on the other, suffice to distinguish between 
the Nuwerus and the Schwarzkalk series. Owing to lateral variation in the 
sedimentation of the Nama formation as a whole, one is not always certain 
whether the top of the Nuwerus series, as indicated on the accompanying 
geological map, is always represented by the same horizon throughout the area 
(cf. A. W. Rogers (57, p. 85) 1. 

Generally it may be said that the Schwarzkalk series comprises a succession 
of varying thickness consisting of well-laminated shales. There is a thinning 
of the series from south to north corresponding to the thinning observed in the 
Nuwerus series. 'The typical weathered shale is of a dull brownish-green colour. 
Fresh green, blue-green, sea-green, mauve and pink shales are also found, while 
blackish shales occur as intercalations with lenses of limestone. 

In the southern portion of the area, especially in the Knersvlakte, the shales 
are badly weathered, forming multi-coloured clays, in which the original bedding 
of the shale is still evident. 

Following on the lowermost shales in the succession, are sporadically developed, 
dark limestone lenses. 'These attain appreciable thicknesses only on Groot Riet, 
Draaihoek and Eenkoker. 

Towards its top the Schwarzkalk series is also characterised by an arenaceous 
phase, which is well-developed only in the northern portion of the area. 
Southwards, where the succession is thicker, it is correspondingly more 
argillaceous. Usually, the arenaceous phase is comprised of fairly thin beds Of 
feldspathic sanidstones, arkosic duartzites and pure sandstones and guartzites. 
Peculiar types of conglomerates and grits, and also massive sandstone layers, 
characterise the upper Schwarzkalk succession in the easternmost of the three 
Nama troughs, viz. the Breektand—Byzondermeid—Draaihoek trough. In the 
past these rock-types were regarded as being typical of the so-called Ibidguas 
[A. W. Rogers (56) ]. It is suggested, however, that the term “Ibiguas series” 
be discarded, and that the entire Nama above the Nuwerus series is assigned to 
the Schwarzkalk series, for reasons to be submitted subseguently. In this paper, 
therefore, the term Schwarzkalk series embraces both the Malmesbury and the 
Ibiguas series of earlier reports. 

Slates and phyllites, though mentioned by A. W. Rogers (56), were never 
observed in the Schwarzkalk succession. Cleavage, however, has been developed 
in the shales, especially near the faults. The cleavage planes are usually inclined 
at a high angle, whereas the dip of the bedding planes is low. As the Schwarzkalk 
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series is conformable with the underlying Nuwerus beds, the dips of the former 
are also usually low and always in a westerly direction in the three troughs. 
In the clayey country of the Knersvlakte the dip of the bedding was difficult to 
determine, and great caution should be exercised not to confuse the inclination 
of cleavage planes with that of bedding planes. 

Well developed ripple marks were observed in the fresh green shale south-west 
of Langdam, and cross bedding is duite a common feature in the more sandy 
shales like those exposed north-west of Graafwater. 

The arenaceous members of the upper Schwarzkalk are indicated on the 
accompanying geological map as two definite horizons separated by shale. In 
reality, however, each of these horizons is represented in the field by a group 
consisting of five to eight separate, thin guartzitiec or sandstone layers, sometimes 
only a foot or two in thickness, interstratified with the ordinary greenish shale. 
In the subseguent text these arenaceous members will often be referred to as 
the first or lower, and the second or upper sandstone horizon. 

Similarly also, for purposes of mapping, the limestone was represented as a 
single horizon, although it usually consists of a group of lenses intercalated 
with a blackish shale, as at Draaihoek. In most instances, however, the cComposite 
lenticular character of the limestone was not very clear, owing to the overburden. 

For purposes of detailed discussion of the distribution, succession and lithology 
of this series, it will be dealt with under three headings. 


THE GROOT RIET—ARONEGAS AREA, AND THE NORTHERN EXTREMITIES 
OF THE MODDERFONTEIN AND DRAAIHOEK TROUSGHOS 


The Schwarzkalk series as a whole is best exposed and shows the greatest 
variation of sedimentary types in the vicinity of Groot Riet and Aronegas. It is 
relatively unrdisturbed, and has been preserved in a gentle syncline between the 
outerops of the Nuwerus series in the east and the Groot Riet fault in the west. 

Succeeding the thin layer of purplish Nuwerus duartzites is the first shale 
horizon with a total thickness of at least a 1,000 ft. In the main part of the 
eastern limb of this Groot Riet—Aronegas syncline, the shales dip westward at 
an average angle of 20”. Further north round the nose of the syncline the dip 
is appreciably less (about 10”). 

In the vicinity of Groot Riet the shale is of a dirty greenish colour, and clearly 
shows the original bedding. Just south of the farmhouse at Aronegas, however, 
about a hundred feet of dark, slightly purplish shale, has bee23 exposed just below 
the first saadstone horizon. 

Within this lower Schwarzkalk shale division, Which in the Aronegas— 
Groot Riet sector is at least 1,300 ft. thick, black limestone is found. Although 
the limestones are largely soil-covered, it could be reasonably inferred from the 
probable extent of their sub-outerops, indicated by the nature of the overlying 
soil and typical vegetation, that they do not constitute a continuous bed within 
the lower Schwarzkalk, but that they generally occur as discontinuous lenses or 
groups of lenses, at a definite stratigraphic horizon within the lowermost shales. 
The largest areal distribution of this limestone occurs on Groot Riet, just to the 
north of Mr. van Zyl's house. Southward, it is absent and is for the first time 
seen again just east and south-east of Aronegas, north of the Hartbees river. 
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Here it is partly covered by the sandy alluvium of the river, but the OUutCerop 
reappears south of the river and creates a low rise in the shaly country. 'The 
occurrence is again discontinued, but a mile or so further south it crops out as 
two smaller occurrences. 'The larger of these two, although thinner than the 


ocEurrence at Groot Riet, is almost a mile in length. Further south towards 
Rhebok, limestones were not observed. 


The stratigraphic position of the limestones is probably very near the base 

of the Schwarzkalk series, in fact, at Groot Riet it is not at all clear whether 

there is an intervening thickness of shale separating the Nuwerus guartzites and 

the limestone. 'The true succession, however, is somewhat obscured by the 

overburden. South of the Hartbees River, the limestone is actually in contact 
with the granite, but this is due to a minor fault. 


In the report of the Geological Commission of 1911 on this area, A. W. Rogers 
(56, p. 43) stated that “these limestones are not accompanied by chert just like 
the limestone of the South-Western Cape.” It is true that chert is not 
conspicuously developed, but fragments of a pinkish chert were observed in the 
soil, covering the limestone at Aronegas. 


Near the farm-house at Geelputs on the Groot Riet fault, a small patch 
of brecciated bluish-black limestone was found just below the second sandstone 
horizon. This stratigraphic position is anomalous, and it has already been 
indicated that on Groot Riet and elsewhere the limestone is assigned to a position 
near the base of the Schwarzkalk. The fact that the limestone is brecciated 
and limonitised suggests that its anomalous position is probably due to a 
subsidiary strike fault parallel to the main Groot Riet fault. 

Limestones, usually in the form of very thin pink lenticles, sometimes only an 
inch or two, and seldom more than one foot in thickness, were found just below 
the first sandstone horizon at Groot Riet. 

Between the southernmost occurrence of limestone and the first sandstone 
horizon greenish-blue shales, coated on the surface and along joint planes by a 
white, sandy surface lime, were seen. 'The shales when tested with dilute HC1 
proved to be of a non-calcareous nature. It was hence deduced that this local 
development of surface lime may be due to the presence of thin weathered 
limestone lenticles. Such lenticles would then be present at the stratigraphic 
level below the first sandstone horizon (cf. the occurrence at Groot Riet). 

In this section the dark limestone is a fine-grained rock practically devoid 
of microscopic impurities. A partial chemical analysis of the limestone from 
near the granite contact yields 99.4% (CaCo, and only a trace of magnesia. 

The first sandstone horizon following in the succession on the lowermost 
shales is exposed in the E.-W. poort cut by the Hartbees river at Aronegas. 'The 
shale intercalations between the individual sandstone bands are rather thin, 
and the sandstone horizon forms an almost continuous vertical succession of 
greyish to yellowish auartzite and feldspathic sandstone some 70 to 80 ft. thick, 
dipping west at approsimately 15”. Northwards, along the strike, the shaly 
intercalations become thicker and the dip flattens so that the sandstone horizon 
is caused to occupy a broad belt in the nose of the syncline. 

Southward of Aronegas the individual layers comprising the sandstone horizon 
thin rapidly and also deerease in number, till at Kwanous only thin intercalations 
(27 thick) of sandstone are found within the Schwarzkalk shales. 
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The second or upper sandstone horizon is separated from the first or lower 
by a succession of greenish shale, which attains its mazimum thickness of 200 ft. 
in the vicinity of Aronegas. 'The second sandstone horizon, although consisting 
of several thin sandstone bands, is on the whole less prominent topographically 
than the first sandstone. Tt is conspicuously developed only in the syncline 
between Aronegas and the Groot Riet fault. It stretches south as far as Geelputs, 
where the sandstone in the western limb of the syncline is eliminated by the fault. 
The sandstone in the eastern limb dies out to the east of the above-named 
locality. 

Slickensided surfaces, probably due to minor transverse faulting were 
observed locally, in the southern continuations of the sandstone layers of the 
second horizon. j 


Lithologically the second sandstone is best studied at Geelputs. 'The rock 
is a medium-grained sandstone holding fresh whitish fragments of feldspar from 
2-5 mm. in length. These rocks are easily distinguishable from the rocks of 
the Nuwerus series in the vicinity. While the former are usually of a greyish- 
yellow to light brown, indicating a low content of iron oxides, the latter rocks 
are usually dark red and purplish, due to the presence of iron and manganese 
oxides. 


The fresh feldspar fragments in the Schwarzkalk arkoses or feldspathic 
sandstones also serve to distinguish between the two rock-types. 

The second sandstone horizon is followed again by ordinary green shales. 
The thickness of the entire Schwarzkalk preserved in the Groot Riet—Aronegas 
area, is estimated to be from 2,000 to 2,500 feet. 

The succession of Schwarzkalk series in the troughs lying to the east of 
Groot Riet is essentially the same as was found in the latter vicinity. 

In the northern portion of the Modderfontein Nama the limestones were not 
observed. 'The rocks are, however, extensively covered by wind-blown sand, 
which may conceal the limestone outcerop if such were present. South of 
Modderfontein, however, just north of the Hartbees river, the limestone crops 
out at the expected stratigraphic level; that is, just above the Nuwerus duartzites. 
The outcrop is very much smaller than at Groot Riet. Pink limestone lenticles 
were also found here, below the first sandstone horizon. 

In this trough of Nama sediments only the first sandstone horizon is well 
developed. It is involved in a synclinal structure, and to the north of 
Modderfontein trigonometrical beacon it is thrown down against the granite by 
the prolongation of the Langdam fault. 'The guartzites at the fault plane dip 
eastwards at angles as high as 70”. 'This horizon is also composed of several thin 
bands of auartzite. 'The lower bands contain fresh feldspar fragments, while 
the upper bands are nearly pure auartzitic sandstones. 'The greenish shales 
intercalated with these bands are characterised by nuremous cubes of limonite 
pseudomorphs. 

About a mile S.S.E. of Modderfontein farm-house a dguartzite ridge is seen 
on the western bank of a little tributary to the Hartbees river. When followed 
southwards the ridge ends suddenly; shaly ground forming the flat country to 
the south. 'The shale is covered by surface limestone probably due to the 
limestone usually occurring near the base of the Schwarzkalk series. 'This 
evidence taken in conjunction with the occurrence of a thin layer of purplish 
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duartzites of the Nuwerus series within the bed of the Hartbees River, having 
the same dip and strike as the duartzite ridge, ie. 17” in a south-westerly direction, 
leads one to the conclusion that the ridge referred to above, belongs to the first 
sandstone horizon, and that the extraordinary distribution of the rock types is 
due to faulting, as indicated on the accompanying geological map. 

The first sandstone horizon suffers a considerable amount of deformation south 
of the Hartbees river. Tts outcrop has been displaced by at least three small 
transverse faults. A fair amount of torsion also, was probably involved, and one 
portion of the outcrop has been dislocated and twisted, while northwards the 
outcrop has been thickened presumably by minor local thrusting. 

The second sandstone horizon which is only feebly developed at Gannapos, 
south of the river, escaped the deformation just described. 'This second horizon 
is, nevertheless, duite persistent, and south-east of Langdam, where the upper 
shales build a hilly tract of country, this upper sandstone horizon, though only 
from 3—6 ft. thick, forms a distinct little ridge within the former. 

The Schwarzkalk series in the Draaihoek—Volstruisfontein trough, is 
characterised by five well-exposed limestone lenses near the farm-house at 
Draaihoek. 'The total outcrop between the thin Nuwerus guartzite and the Guaap 
fault is very narrow, only a few hundred yards wide, but it is again evident that 
the limestone is situated near the base of the Schwarzkalk. 'These lenses of 
limestone form sinuous outcrops intercalated with blackish shales. 

Near Draaihoek, limestones associëted with greenish shales were also observed 
as a narrow outcroo separated from the main outcrop by a subsidiary strike fault 
parallel to the main Guaap fault. Southwards, towards Byzondermeid, limestones 
were not observed. 

Nearly four miles south of Draaihoek the upper sandstone also is involved 
in a synclinal structure, the two limbs forming two prominent little ridges on the 
flat, shaly country. Pink limestone lenticles were observed just below this 
sandstone just as at Groot Riet. Lithologically the sandstone horizon is similar 
to the sandstones already deSëcribed, except that the lowermost individual layers 
consist of loosely cemented conglomerates, resembling in some respects the 
Byzondermeid conglomerates. 

As regards the structure of the Nama formation in this sectior, it has been 
fully established in the field that the short dip faults indicated on Cape Sheet 19 
(Nuwerus Area) do not exist. 

From what has been said beforehand it follows that the arenaceous as well 
as the limestone horizons in the Schwarzkalk series show a rapid thinning 
southward, and they soon disappear in that direction. 

The entire succession of black limestone and shale at Eenkoker forms a 
notable exception. 'The limestone here does not occur near the base of the series, 
but is separated from the Nuwerus series by a fairly thick layer of shales. This 
indicates the lateral variability of the Schwarzkalk series. 


THE SCHWARZKALK SERIES IN THE KNERSVLAKTE AND 
IN THE VICINITY OF NUWERUS 


The disappearance of the arenaceous phase of the Schwarzkalk series when 
followed southward has just been mentioned. Although this series is almost 
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entirely argillaceous in the south, a few occurrences of duartzite and grit need 
be mentioned. 

Associated with yellow and pink clays, two narrow strips of gritty rocks were 
found two miles south-east of Houmoed. 'They consist of greyish-brown grits 
and feldspar-free dguartzites. G@uartz veins trending parallel to the strike of 
these guartzites probably foliow minor strike faults. 'The two outcrops dip inwards 
towards each other, indicating that the faults probably occurred on the crests 
of two adjacent local anticlines within the Schwarzkalk series. 

Similar grits belonging to the Schwarzkalk are exposed on the fault planes 
north of Roodeberg, and at Nieuwoudts Nauwte. 

In the triangular outcrop of Schwarzkalk series north of Nuwerus, three thin 
bands of greyish-green feldspar-free duartzites dipping west at 22”, were found 
at more or less the same stratigraphic height in the series as the first sandstone 
horizon at Groot Riet—Aronegas. A similar, but smaller occurrence of dguartzite 
was observed in the clays of the Schwarzkalk series N.E. of Flaminkberg. 

In this southern sector the shales are extremely weathered. Fresh or even 
moderately fresh rocks were seldom observed. 'The low rises or “bults” of the 
Knersvlakte about Bakoondskolk and Nieuwoudts Nauwte consist of variously 
coloured, ezceedingly fine clays, sometimes having a soapy feel. Although much 
weathered, these clays duite often show the bedding planes of the original shale, 
and reliable dip measurements could be made. 'These measurements conform in 
amount and direction with those made on the fresher shale outcrops. 

Northwards of the above-named localities greenish sandy false-bedded shales 
and green ripple-marked shales were seen, 

A very characteristic feature of the Schwarzkalk shales of the Knersvlakte 
is the profuse development of vein duartz, a phenomenon which will be discussed 
in connection with the major structural features of the area. 

The eastern part of the Knersvlakte, that is the portion south and south-east 
of Breektand farm, is covered by a thick sandy soil. A few feet below this soil 
“hardebank” —a hard, consolidated sandy clay— is sometimes seen exposed in 
the little runnels formed along former roads. 

Further towards the south-west of the Vlakte, near Flaminkberg, the bed-rock, 
an extremely weathered shale, is covered by a mantle of loosely consolidated or 
unconsolidated boulders in a clayey matrix. 1t was difficult to determine the 
dip and strike of the shales in this part, but it would appear from measurements 
taken some distance away from the fault zone that the sefies dips south-west 
at angles slightly less than twenty degrees. North-east of Flaminkberg the 
Nuwerus series is exposed in the noses of pitching anticlines and synclines, and 
it woud appear that the yellow clays of the Knersvlakte follow concordantly on 
the former series. 

A. W. Rogers (Cape Sheet 19) indicated that these clays N.E., east and SE. of 
Flaminkberg belong to the so-called Ibiduas series faulted down against the 
Nuwerus series along an E.N.E. line south of Karreeberg. Since no evidence of 
such faulting was observed, the structure is interpreted as sSoutherly pitching 
anticlines and synclines, accompanied by N-S trending strike faults. Furthermore. 
the clays under discussion are typical of the Schwarzkalk series, and everywhere 
follow concordantly on the Nuwerus series. 
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THE SCHWARZKALK SERIES IN THE BYZONDERMEID—BREEKTAND 
SECTOR AND THE PROBLEM OF 'THE “IBIOGUAS SERIES” 


Around Byzondermeid, Putsie, Elandshoorn and north of Breektand, the top 
of the Schwarzkalk succession is characterised by lenses or layers of peculiar 


conglomerates, grits, sandstones and arkoses, interstratified with ordinary 
greenish shale. 


The conglomerates consist of loosely packed pebbles set in a dull green matrix 
of mixed gritty and sandy material. The pebbles are poorly sorted and may range 
up to 6” in diameter. These pebbles are not typically spherical, the discoidal 
and #flattened oblong forms predominate. Among them the duartz porphyry 
pebbles are conspicuous. G@uartzite, hornfels and shale pebbles are also prevalent, 
but limestone pebbles are very rare. The interstitial material consists of sand 
with fragments of shale and vein duartz. 


The grits are of a greenish colour and of the same nature as the conglomerates, 
except for the smaller size of the constituent particles. 'The white shiny specks 
of vein duartz and fresh fragments of feldspar are characteristic. 

Greenish and greyish-black sandstone lenses are found in association with 
the grits and conglomerates, the latter type is especially well developed in the 
vicinity of Elandshoorn. In thin section the rock proved to be a fine-grained 
sandstone with an average grain size of 1 mm. 'The largest duartz grains, 
however, measure 2x.6 mm.” 'The following minerals were observed: duartz 
(full of inclusions), calcite, chlorite — penninitic as well as higher birefringent 
varieties — and secondary muscovite (sericite). Transverse sections of this mineral 
may occur as slender laths .8x.1 mm.” occurring at 45* to the planes of 
stratification. Zircon, twinned plagioclase (An,), magnetite, leucoxene, 
tourmaline and apatite were also observed in minor duantities. 

A pinkish arkosic sandstone characterised by numerous gritty fragments 
of a salmon pink feldspar was especially well developed in the vicinity of 
Breektand farm. 'This rock represents a granite-derived sediment which has 
not been transported for any considerable distance. 

This peculiar arenaceous phase of the Schwarzkalk is best exposed in the 
portion west of Byzondermeid and Putsie and east of Elandshoorn and the 
Guaap fault, where it constitutes the highest beds in a synclinal structure. 
Along the Guaap fault these peculiar grits occur as a thin band in the narrow 
valley of the little stream bed. Separated from the first band by a fair 
thickness of ordinary greenish-brown shale, is a second and similar band of 
grit. Finally, forming the edge of a sort of plateau between the fault and 
Byzondermeid is a thick and very prominent horizon of these conglomerates, 
grits, ete. dipping east at 10* and forming the western limb of the syncline. 
This horizon was considered by A. W. Rogers as the base of the Ibiguas series 
resting unconformably on the underlying Malmesbury. 

The total thickness of this horizon is between 150 and 200 ft. and it consists 
of separate bands of conglomerate, grit and sandstone interstratified with 
shale. In the western limb of the syncline the shaly intercalations are thin but 
they increase in thickness round the apex of the syncline. In the eastern limb 
of the syncline the arenaceous bands, occurring at least 2,000 ft. stratigraphically 
above the Nuwerus series, are sometimes only 3 ft. in thickness and dip 
westwards at an average angle of about five degrees. 'The conglomerates, grits 
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and sandstones in these arenaceous bands do not constitute a graded 
succession. Furthermore, these lithological types are not sharply demarcated 
but grade into one another. 'The material was not well sorted and flattened 
pebbles up to 4” in diameter may occur within the greenish coarse-grained 
sandstones. 


From Byzondermeid southward towards Putsie the bands again increase in 
thickness and they dip westwards at steeper angles, up to fifteen degrees. 


A thin sandstone band believed to be the southward continuation of the 
first sandstone horizon was found against the Guaap fault occupying a position 
several hundred feet stratigraphically below the Byzondermeid arenaceous 
phase. 'This latter arenaceous phase is, therefore, considered as the eduivalent 
of the second sandstone horizon displayed by the Schwarzkalk succession in the 
northern portion of the area as, for example, at Groot Riet. In the eastern 
fiank of the trough in the vicinity of Byzondermeid the first sandstone horizon 
appears to be absent. 

Three and a half miles north-east of the Breektand farm-house, the lowest 
conglomeratic layer of the Byzondermeid type dipping 15” W.S.W. and forming 
the edge of a steep declivity, is separated by only 800 it. of greenish shale from 
the Nuwerus series. 'The fact that the lowermost conglomeratic horizon 
approaches the Nuwerus series at the latter locality is no doubt in part due 
to the effect of a subsidiary strike fault along the western side of the 
Hoedkop—Hartseerkop Tidge. Furthermore the Schwarzkalk succession is 
extremely susceptible to lateral variation as already pointed out, and one is not 
certain whether the arenaceous phase always appears at the same stratigraphic 
height within the succession. A. W. Rogers (56) maintains that there exists an 
unconformity of strike between the Schwarzkalk shales (Malmesbury series) 
and the arenaceous phase (Ibiguas series), causing the arenaceous phase to 
approach the Nuwerus series very closely in the direction of Hartseerkop. A 
traverse, to the north of Breektand, from the outcrop of the Nuwerus series 
across the strike of the Schwarzkalk, revealed that the Schwarzkalk consists 
of a thickness of at least a 1,000 ft. of greenish shale dipping in a direction a 
little north of west at fairly low angles. 'This is followed by a pinkish gritty 
arkose, which soon grades into layers of conglomerate and grit having the same 
dip and strike as the shales and pinkish arkose. It is, therefore, clear that no 
discordance of dip and strike exists between the shales (Malmesbury series) 
and arenaceous rocks (the so-called Ibiguas series) and, furthermore, that no 
transgression occurs in that part of the Nama succession. 'The shale bands 
associated with the arenaceous phase do not differ lithologically from the shales 
lower down in the succession, for example those at Draaihoek, etc. 


The individual layers of grit and conglomerate occurring just north and 
north-west of Breektand are poorly exposed in the flat soil-covered Knersvlakte, 
and as they, furthermore, pinch out readily along their strike, it was difficult 
to trace and map them individually. 

In this arenaceous phase jointing is well developed especially in the 
sandstone, and the effect of this jointing on river development has already 
been discussed in Chapter II. 

These peculiar grits are not restricted to the Byzondermeid—Breektand 
sector. About two and a half miles south-east of Bakoondkolk the dull green 
shales of the Schwarzkalk series dipping westwards at angles varying from 
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10” to 18” were found to pass laterally into grits and sandstones of the 
Byzondermeid type. Here the arenaceous phase occurs somewhere near the 
middle of the succession, and does not characterise the upper portion of the 
series as at Byzondermeid; once more revealing the variability and thinning 
of the Nama succession along its strike. 

At this stage it is convenient to review the origin of the term Ibiguas 
series, first suggested by A. W. Rogers and E. H. L. Schwarz (61, p. 93, 25) to 
designate a group of pre-T.M.S. rocks in the north-eastern part of Vanrhynsdorp 
and parts of the Calvinia districts. According to their descriptions the series 
consists of “dark blue, purple, brown and black slates and argillaceous 
sandstones; massive and well bedded, together with a small amount of grits, 
arkoses and conglomerates, the latter resembling certain rock-types found in 
the Cango near Oudtshoorn.” 

It was in the Vanrhynsdorp district on the farm Diepkloof that they found 
several bands of conglomerate, grit and arkose which from their description no 
doubt appear to be similar to the bands of conglomerate, etc., oecurring in the 
Byzondermeid sector of the present area. They stated as follows (61, p. 926): “At 
present this (Diepkloof) is the only locality in the north-west of the Colony 
where these conglomerates have been found. 'Their chief point of interest is 
in the contained pebbles, which consist of slate, granite, duartz-porphyry, 
crystalline limestone and vein duartz.” 

The upper part of their Ibiduas series consists of alternating sandstones 
and slates occupying a Wide area behind Stinkfontein Poort to the north of the 
Bokkeveldberg escarpment. 'They, furthermore, maintained that the slates 
exposed below the T.M.S. in Vanrhyns Pass belonged to this Ibiguas series, but 
the base of the series was not seen. 

Another criterion used by them for distinguishing between these slates with 
ACcCcompanying arenaceous bands (Ibiduas) and the older slate formation 
(Malmesbury) pertains to structural features. 'They expressed the opinion 
(61, D. 25) that “the beds are considerably disturbed and folded though they 
never exhibit the sharp folds which characterise the older group in this 
neighbourhood; eastwards the disturbance ceases and the rocks lie almost, if 
not duite, horizontal”. 'The above statement that sharp folds exist in the 
older formation (Malmesbury) to the west of the Bokkeveldberg appears to be 
doubtful. 'The Schwarzkalk is only moderately folded in the area surveyed 
and, furthermore, the folding shows a tendency to decrease in intensity towards 
the Bokkeveldberg. 

Several ycars later, in a paper read before the Geological Society, 
A. W. Rogers (57), in reviewing the Nama historically, stated the following as 
regards this new series (p. 39): “Wherever the survey met with pre-Cape rocks 
in the south-west, containing pebbles of granite as well as older sedimentary 
rocks, they were separated from the Malmesbury beds and given different 
names, Cango, French Hoek and Ibiguas series, though the Cango and French 
Hoek beds were not definitely separated from the Malmesbury when first 
examined .. .. The existence of unconformities at the base of each of the 
three formations has been assumed on account of the occurrence of fragments 
of rocks, like those which are found in the Malmesbury series, in the 
conglomerates of the later beds, and also because the latter contain pebbles 
of granite.” A. W. Rogers does not appear to have been aware at that time 
of the existence of pre-Malmesbury gneiss and granite. 
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During a survey of the Piguetberg district in 1903, A. W. Rogers (53) met 
with some peculiar rocks in the Verloren Valley which he maintained were 
less altered and affected by earth movements than the “Malmesbury” beds. 
Though he correlated these peculiar rocks with the Ibiduas, he nevertheless 
stated that (53, p. 149) “there is no other reason for correlating those beds with 
the lIbiguas beds than their evident intermediate position between the 
Malmesbury and Table Mountain Series, and a certain lithological resemblance 
between the two occurrences”, 

In 1904 A. W. Rogers mapped the north-western portion of Vanrhynsdorp 
which is a westward continuation of the area described by E. H. L. Schwarz 
and himself in 1900. As regards the problem of the Ibiduas series he suggested 
(54, p. 14) that “where they (the Malmesbury rocks) are in contact with the 
Ibiguas beds, an overthrust fault probably separates the two formations, though 
it is perhaps more likely that part of the boundary is an overfolded 
unconformity”. Again his strongest evidence for the existence of such an 
unconformity is the occurrence, in the Ibiguas beds, of fragments of limestone 
and other sedimentary rocks which were considered to be typical of the 
Malmesbury series, as well as the presence of pebbles of granite and gneiss, all 
of which were at that time believed to be younger than the Malmesbury 
series and which, therefore, suggested a period of erosion of the Malmesbury 
prior to the deposition of the Ibiduas series. 

In discussing further the nature of this Malmesbury-Ibiguas boundary to 
the south-east of the present area he stated (54, p. 33): “South-east of 
Flaminkberg (i.e. within the Knersvlakte) the Ibidguas beds are in contact with 
the Malmesbury beds along what is, at least in part, probably an overthrust 
fault.” It is noteworthy, however, that the present author found no evidence 
whatsoever of thrusting in the area investigated, and it, therefore, seems highly 
improbable that the sandy soil of the Knersvlakte conceals the thrusted 
junection postulated by A. W. Rogers. Furthermore, the study of the lithological 
and field evidence of the Nama rocks exposed east and south-east of Flaminkberg 
indicates that they agree perfectly well with the weathered beds of the 
Schwarzkalk (Malmesbury) series from elsewhere in this area. 

While visiting this area again in 1911, A. W. Rogers (56) recognised the 
similarity of the “Malmesbury” rocks with rocks assigned to the Ibiguas series 
by him in a previous report. He said: “The greater part of the Knersvlakte 
is made of slaty and shaly rocks belonging to the Ibiguas series, but to the 
north and south-west similar rocks belonging to the Malmesbury beds occur over 
considerable areas.” 

During the same visit also, after a better knowledge of the granites and 
sedimentary rocks of the area south of the Kamiesberg had been obtained, he 
expressed doubt as to the validity of his strongest evidence previously used in 
separating the Ibiguas beds from the “Malmesbury series”, as a separate 
unconformable series [cf. A. W. Rogers (56, p. 49) 1. 

The fact that duartz porphyry is well represented among these pebbles 
suggests that they are derived, not from post-Nama granite (the existence of 
which has by no means been proved in this area (cf. p. 209), but from the 
Namagualand gneissic granite in the northern part of Namaagualand, where 
guartz porphyry dykes and sills occur in appreciable numbers as reported DY 
T. W. Gevers and others (17, p. 34). As this Namaagualand granite is older than 
the Nama the occurrence of pebbles derived from it is worthless as a criterion 
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for establishing an unconformity in the upper Nama, between the “Malmesbury” 
and the so-called Ibiduas series. 


Notwithstanding the uncertainty of the criteria discussed above, A. W. Rogers 
still considered the Ibiguas as a separate subdivision resting unconformably on 
the “Malmesbury series”. 'This was done mainly on the evidence of the 
lithological peculiarities displayed by the arenaceous phase in the Byzondermeid 
sector (cf. 57, p. 41). He (56, p. 50) maintains that the unconformity between 
the “Malmesbury shales” and these “peculiar conglomerates” (which he 
considered as the base of the Ibiguas series) is displayed in the cliffs facing 
Rietjie,”) where the conglomerates are best developed and exposed. 


As regards the nature of the unconformity at the above-named locality, he, 
however, states (56, p. 50) that “the unconformity with the Malmesbury below 
is scarcely discernible on the hillsides because the two groups have similar 
dips,” and also (57, p. 41), “there is so little difference between their. dips and 
those of the underlying Malmesbury that the unconformity below them might 
escape notice”. 'The author has inspected this locality carefully but could 
neither discern any discrepancy between the dip and strike of the conglomerates 
and those of the shales lower down in the succession, nor notice any difference 
in the lithological characters of the shales of the “Malmesbury series” below 
and those interstratified with the .conglomerates and grits above. 'The writer 
can, therefore, not accept the existence of an unconformity as suggested by 
A. W. Rogers. 

Formerly it was believed that in the Nama formation of South-West Africa 
the Schwarzrand series is followed unconformably by the Fish River beds. 
A. W. Rogers correlated the Nama of Vanrhynsdorp and Namadualand with 
that of the S.W.A. and suggested (56, p. 51, 52) that the Ibiduas be taken as 
the southern eduivalent of the Fish River beds. He was, therefore, further 
strengthened ir his view regarding the existence of an unconformity in the 
upper Nama. 

Subseguently it has been indicated by C. M. Schwelinus (64, Dp. 20) and 
H. D. le Roex (38, p. 211) that neither in the Klein Kharas area nor in the 
Otavi mountains is there any evidence of an unconformity between the 
Fish River beds and the Schwarzrand series in the former or the @uartzite series 
and the Otavi dolomite in the latter case. 'The author has also been informed i) 
that no evidence can be found for retaining the name lIbiguas series, 
designating a separate subdivision in the upper Nama of the Neint Nababeep 
area, and, furthermore, that no unconformity is present in the Nama succession 
to the south of the Orange River. 

After this rather lengthy historical review and discussion on the term 
Ibiguas series, presented above, the author now wishes to suggest that, as there 
appears to have been no break in the deposition of the Nama succession in the 
area surveyed, and as there are no lithological grounds for subdividing that 
part of the Nama lying above the Nuwerus, into two separate series, the term. 
Ibiguas series, designating the uppermost portion of the Nama succession in 
Vanrhynsdorp and Namadgualand, should be discarded. 


*) A small deserted “veepos” on the Guaap fault opposite the farm Byzondermeid. 
i) Personally communicated by Dr. J. de Villiers. 
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SOME REMARKS ON THE MODE OF DEPOSITION OF THE NAMA AND 
THE SIGNIFICANCE OF THE “IBIGUAS CONGLOMERATES AND GRITS” 


The most striking feature of the Nuwerus series in the area is the fact that 
it is usually inclined at low angles especially in the vicinity of Nuwerus, and 
secondly, that it suffers a rapid thinning from south. to north. 'The sediments 
comprising the Nuwerus series can be assumed to have been deposited on a 
wide almost flat area of granite. The variability of the basal layers of this 
series has been already remarked upon; and it has also been indicated that it 
is richer in feldspathic material in the lower levels than higher up in the 
series. 'True “in situ” arkoses have been found near Nuwerus and in the poort 
south-east of Nieuwoudts Nauwte. A. W. Rogers (56) also found a very interesting 
example of an “in situ” arkose near Brandewynskraal, lying to the east of the 
present area. 


The basal beds of the Nama represent terrestrial deposits as evidenced by 
the lense-like habit of the conglomerate bands and the inconsistency of 
successive layers. Sometimes the deposits were formed on dry land on the 
granite surface as indicated by the “in situ” arkoses. Higher up in the 
succession around Nuwerus the sediments are less feldspathic and the thin 
purplish Nuwerus duartzites of the northern portion of the area, in the vicinity 
of Draaihoek and Groot Riet, are almost feldspar-free; and the conditions of 
deposition may have been shallow marine. 


That the thick succession of the Schwarzkalk series consisting mainly of 
argillaceous types and which follow concordantly on the Nuwerus series is of 
shallow marine origin, follow from the following: 'The shales are often 
arenaceous, duite often showing ripple marks and cross-bedding (cf. p. 188); 
bands of sandstones and gritty arkoses are present within the shale; the whole 
series as well as the individual arenaceous layers show a marked variation in 
thickness along the strike. 


The presence of limestone lenses within the series cannot be taken to 
indicate deposition in deep water. According to J. Barrell (8, p. 717): “Limestones 
are taken as evidence of clear seas. They have often been regarded as deposited 
in deep water, but, on the contrary, most limestones which are exposed on the 
continental platforms, show by their structures that they were deposited in 
shallow water.” 'The limestone in this area is, therefore, taken to be as much 
a product of the shallow sea as the sandy and shaly material constituting the 
bulk of the Schwarzkalk series. 

Regarding the mineralogic nature of the sediments of the Schwarzkalk 
series, the sandstones with their gritty fragments of rather fresh pink and 
white feldspars as well as the angularity of the grains as revealed under the 
microscope, would tend to indicate that the sedimentary materials were not 
transported for long distances and also that the conditions were not favourable 
for rock decay. 'The possibility of a cold climate during the deposition of the 
upper portion of the Nama should not be overlooked. Although no indication 
of glacial conditions was observed in the present area, both C. M. Schwellnus (64) 
and H. D. le Roex (38) found tillites in the Nama of South-West Africa. 

The discoidal form of their pebbles, and the poorly sorted nature of the 
conglomerates and grits of the Byzondermeid sector (the so-called Ibiguas 
conglomerates) have already been mentioned and the conclusion that these are 
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gravel and skingle indicating the position of an old shoreline of the shallow 
sea seems to be reasonable. According to J. Barrell (4, p. 999) coastal charts 
indicate that gravel or shingle is characteristically a beach deposit, giving place 
to sand in moderate depth. 'The vertical alternation of shingle, grit, sandstone 
and shale found in the arenaceous phase in the Byzondermeid sector, therefore, 
probably indicates slight oscillations in sea level, or else it stands in connection 
with the action of wave and tidal currents on the products deposited on the 
shore. J. Barrell (4, p. 301 et sed.) holds that lateral currents due to the oblidgue 
wave action work the gravel along the shore, but do not tend to take it to 
deeper waters. 'Tidal currents will affect gravel at greater depths and further 
from the shore than does the undertow, but whereas undertow tends to spread 
the gravel beyond the point where waves have power to bring it back to the 
shore, the tidal currents co-operating with the waves move the gravel landward. 
forming remarkable accumulations at the beach-line. 

Although it is difficult to point out any definite criteria that a formation 
be classed as a beach deposit, the following characteristics observed in the grits 
and conglomerates under discussion, may serve to indicate beach conditions 
(cf. J. H. C. Martens (41) and W. H. Twenhofel (72) 1: Relative thinness of the 
layers (about 6 metres but usually less); the impersistence of the layers over 
long distances; they range from poorly to well sorted; stratification irregular 
or often wanting; shapes of the pebbles range from ellipsoidal to disk-like 
and spherical.”) 

The oecurrence of conglomerates was considered by A. W. Rogers to designate 
the base of a new series (Ibiguas) following unconformably on the “Malmesbury” 
beds. 'This assumption was probably mainly due to the old concept of 
considering gravels within a rock succession as indicative of unconformities. 
W. H. Twenhofel says (72, p. 274): “It has been taught as almost axiomatic 
that gravels are invariably associated with unconformities: and basal 
conglomerates is an ingrained concept in the literature. The validity of this 
concept is extremely auestionable .... and .... there are many gravels that 
have no relation to unconformities. In many cases the gravels are marginal 
to the units of stratification and not basal.” 'The conglomerates and grits of 
the Byzondermeid sector are believed to be marginal and not basal in the sense 
of indicating an unconformable deposition of a new series on the underlying 
portion of the Schwarzkalk and can be considered as truely interformational 
conglomerates implying a source external to the formation in which they are 
found [cf. W. H. Twenhofel (72, p. 279) ], as evidenced by such pebble types as 
duartz porphyry and metamorphic rocks foreign to the Nama formation. 'In 
this case, therefore, there is proof that the arenaceous phase of Byzondermeid 
(Ipiduas) does not represent contemporaneous erosion of the Schwarzkalk 
series, and these conglomerates, therefore, do not indicate what could be 
interpreted as an intraformational unconformity. 

From the standpoint of sedimentation also, the author considers that the 
idea of an Ibiduas series, designating one or other unconformable series in the 
upper Nama, as postulated by A. W. Rogers, cannot be entertained, and that 
the Byzondermeid arenaceous phase probably only indicates alternations in the 
nature of materials, and conditions of their transport and deposition, in the 
normal sedimentational history of the Nama. 


*) In the Byzondermeid conglomerates the discoidal forms are relatively abundant. 


200 


THE CORRELATION AND AGE OF THE NAMA FORMATION 
OF THE NUWERUS AREA 


The term Nama was first introduced into the literature by A. Schenck *) 
and he was followed by other workers in German South-West Africa or Great 
Namadgualand. A. W. Rogers, after he had studied the sedimentary rocks in the 
area south of the Kamiesberg, decided to correlate these with the Nama 
formation as described in the German territory. He wrote as follows (57, p. 47): 
“From the published descriptions of the nearly horizontal beds, generally called 
the Nama formation, of the interior plateau of German territory, it is evident 
that the Van Rhym's Dorp seguence of Nieuwerust, Malmesbury and Ibiguas beds 
is their southern representative.” He also duoted P. Range's subdivision of the 
Nama of the southern part of that country, viz.: 


“Upper Nama: f Fish River series 
1 Schwarzrand series 


Kuibis series 


Lower Nama: Schwarzkalk series 
Basal beds,” 


l 


and concluded that “the description of the rocks in P. Range's paper agrees 
very well with their supposed correlatives in Van Rhynm's Dorp, and taking the 
group as a whole there can be little doubt as to their belonging to one and the 
same formation”. 

A. W. Rogers recognised the marked agreement between the Vanrhynsdorp 
rocks and the Nama rocks of S.W.A.;, he accepted the term Nama for the 
succession as a whole but retained the subdivision of Nuwerus-Malmesbury- 
Ibiguas. 

As already indicated, the argillaceous rocks of this area were considered to 
correspond with the Malmesbury beds of the South-Western Districts as far 
back as 1900 I[cf. A. W. Rogers (57, p. 32) 1. A. W. Rogers maintained that in 
the Vanrhynsdorp area the argillaceous rocks were easily separated from the 
underlying arenaceous Nuwerus series and the unconformable upper phase 
(the Ibiduas). He, therefore, suggested that the term Malmesbury series should 
only be applied to the rocks between the Nuwerus and the Ibiguas series and 
not to the whole succession of pre-Cape rocks as appears to be the case in the 
south-west of the Province. He stated (57, p. 35): “It seems preferable to retain 
the name Malmesbury series for the fairly well defined group of beds, separable 
from both the Ibiguas and the Nuwerus series in Van Rhyms Dorp, than t0 
apply it to the whole group of beds here called the Nama formation.” 

After A. W. Rogers' correlation of the Vanrhynsdorp sediments with the 
Nama formation of South-West Africa, large areas in that country and also 
in the Cape Province, south of the Orange River, have been re-examined, and 
it would not be out of place here to summarise the effect of these investigations 
on the correlation of the rocks in the Nuwerus area. 


*) For a discussion on the origin of the term Nama formation see A. W. Rogers 
(57, p. 47). 
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In 1916 P. A. Wagner (77) still retained the subdivision of the Nama as 
given by P. Range (see above). He, furthermore, definitely stated that the 
Otavi dolomite of the northern region occupied the same stratigraphic position 
as the Schwarzkalk in the south. He also found that especially in the south 
of the country there was no break in the deposition of the Schwarzkalk and 
Schwarzrand and that the succession was perfectly conformable. 

Still later, in 1934, W. P. de Kock (13, p. 64) found that in the Rhehoboth 
area, the upper arenaceous or Fish River stage was not developed, and came 
to the same conclusion as P. A. Wagner did, namely that there was no 
unconformity between the Schwarzkalk and Schwarzrand and conseguently he 
maintained that there was no justifiable division into lower and upper Nama. 
He moreover did not separate the Kuibis series from the Basal beds. 

As regards structure and sedimentary succession, there is a marked 
similarity between the formation in Rhehoboth as described by W. P. de Kock 
and that in Nuwerus; the basal beds are, however, very much thicker than 
the Nuwerus series. In describing the base of the Schwarzkalk, he says 
(13, p. 59): “The base of the Schwarzkalk has been chosen at the limestone 
band above the basal beds, except where there is a very definite development 
of shales which have been included with the Schwarzkalk series.” Similarly 
in the Nuwerus area, it was found that when the limestone was developed it 
was found very near the base of the lowermost shale member above the 
arenaceous Nuwerus. 

The most recent available publications concerning the Nama formation of 
South-West Africa are those of C. M. Schwellnus (64) and H. D. le Roex (38), 
which both describe the occurrence of glacial tills in the Nama succession. 

C. M. Schwellnus (64, p. 22) also stresses the undesirability of using the 
terms upper and lower Nama, as. there is no hiatus in the formation away from 
the tillite deposits, and that there is “no convincing reason for referring the 
upper portion of the Schwarzkalk to the Schwarzrand series, as has been done 
in other parts of South-West Africa.” So also he states that the upper arenaceous 
phase, the Fish River series, follows with no unconformity about 10 ft. above 
the uppermost limestone band in the Schwarzkalk. 'This same conformable 
seguence was noticed by H. D. le Roex (38) in the Otavi area where the basal 
arenaceous phase, the “Nossib series”, is followed by 10,000 ft. of dolomite, which 
in turn is followed by the @uartzite series. Although the Schwarzkalk series 
shows a tendency to become more sandy towards its top in the northern portion 
of the present area, the author considers it undesirable that these arenaceous 
layers which are of local importance only, should be grouped as a separate 
series, corresponding with the Fish River series of S.W.A. 

It has been pointed out that A. W. Rogers, although correlating the 
succession with the Nama system of S.W.A., retained the name Malmesbury 
series for the argillaceous and limestone phases following on the basal or 
Nuwerus beds. A. L. du Toit (15) in the secoid edition of “Geology of South 
Africa” restricted the term “Malmesbury series” to those pre-Cape rocks 
stretching from Vanrhynsdorp towards Cape Town and those rocks exposed 
along the Worcester and Cango faults. A. W. Rogers” “Malmesbury rocks” of 
the Nuwerus area, were considered together with similar rocks of Steinkopf 
and Neint Nababeep, under the heading “Schwarzkalk and Schwarzrand series” 
by A. L. du Toit (15, 2nd Ed. p. 142), who assumes the Nuwerus series to be 
identical with the Kuibis series of S.W.A. 
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The author would suggest that the name Nuwerus series be maintained as 
designating the basal arenaceous beds of the Nama formation in the present 
area and that the part of the Nama formation above the Nuwerus series of 
the present area be called the Schwarzkalk series. As already explained, there 
is no need in this area for introducing a third or uppermost series. 

If, in the Nuwerus area, Nama, rocks above the Nuwerus series be correlated 
with the Schwarzkalk series, it would be logical to extend that name also to 
the so-called “Malmesbury rocks” in the vicinity of Vanrhynsdorp, as the author 
believes that, as indicated by A. W. Rogers (56), the shales and limestones of 
Nuwerus and Vanrhynsdorp belong to the same formation. He stated (56, D. 438) 
that “in the country immediately south of Kamiesberg, beds that are so like 
the Malmesbury beds of Aties and the neighbouring parts of Vanrhynsdorp as 
to make it necessary to place them in the same group, rest conformably upon 
the Nieuwerust beds”. 

According to A. W. Rogers (60), the correlation suggested by M. Mathias (49) 
in 1939, to the effect that the Namadualand granite is probably of the same age 
as the post-Malmesbury Cape granite, throws doubt on the correlation of the 
Malmesbury beds with any part of the Nama system, and he stated (60, p. Ixxix): 
“Tt may be possible to prove that the Nuwerus beds are the younger by finding 
an outlier of the Nuwerus beds on the Malmesbury in the large area of the 
latter south of the northern granite and gneiss” (i.e. south of Nuwerus). As far 
as the present author is aware, no such outliers are likely to be found, since the 
Nuwerus series, forming topographical prominences, dips southwards under the 
Schwarzkalk (Malmesbury) shales and clays in Flaminkberg, and southward 
towards Vanrhynsdorp, Flaminkberg loses its topographic significance and the 
country becomes a monotonous clay-and-sand-covered flat (Knersvlakte). 
Topographic features such as would result from the flat-lying or gently folded 
resistant Nuwerus rocks upon soft underlying “Malmesbury” series are absent. 
The conclusion seems evident that the Schwarzkalk of the Nuwerus area is 
continuous southward with the “Malmesbury” series of Vanrhynsdorp. 

In this connection it may be of interest to note that the existence of a 
so-called younger granite as indicated on Cape Sheet 19 (Nieuwerust) appears to 
rest on very slender evidence only, a fact which may be overlooked in discussions 
of the rock seguences in the N.-W. districts. 'This evidence may, therefore, be 
briefly reviewed. 

The granite cropping out to the north and north-west of Vanrhynsdorp was 
considered by A. W. Rogers (54) in 1904, as belonging to one single period of 
intrusion, and that it was younger than the “Malmesbury” series (Nama). 'This 
conclusion was made from the evidence obtained at the farm Klip Drift Extension. 
He stated (54, p. 17): “On the farm Klip Drift Extension, the Afties group 
(Malmesbury series) is invaded by granite and gneiss. 'There are no outcrops 
in the immediate neighbourhood of the junction, but from two wells, one on either 
side of the Moed Verloren River, about 300 vyards apart, I obtained typical biotite 
gneiss in the one case, and mica schist and yellow crystalline limestone, with 
crystals of phlogopite, in the other.” A second reference to the intrusive relation 
between granite and Malmesbury series reads as follows (p. 19): “To the west of 
Klip Drift Extension the junction of granite and Malmesbury beds is concealed 
by sand for great distances, but the contact was observed on the west side of the 
road from Kokenaap to Drooge Kraal. The rock next to the granite here is an 
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impure guartzite, that has much the same appearance in a hand specimen as 
the neighbouring granite, which is fine-grained at the pertiphiers EE ria 


(D. 20) . . . . “West of Drooge Kraal contact, the junction between the two 
formations was not seen.” 


From these two local occurrences where the surrounding rocks were buried 
under extensive soil-cover, the intrusive relation between granite and 
“Malmesbury” series was assumed. From these descriptions it would appear 
that the granite is intrusive in sedimentary rocks, but there is no convincing 
reason given why these intruded limestones and auartzites may not represent 
floats of the so-called Kheis system. 


Tn 1911, when it was recognised that the Nuwerus series is older than the 
Malmesbury beds (Schwarzkalk) in the Kamiesberg area, and that the former 
lies with unconformable sedimentary contact on the granite, two ages of granite 
intrusions, one older and one younger than the Nama, were postulated by 
A. W. Rogers (56), mainly on the strength of the evidence afforded by the two 
occurrences discussed above. Also when scrutinising the description of the 
sheared strata of the coast (west of the present area) at Kwaas and Grauwe 
Duinen [cf. A. W. Rogers (56, p. 45) ] a definite intrusive relation between these 
and the granite, as indicated on Cape Sheet 19, seems to remain unproved. In 
discussing these folded and sheared rocks of the coast, A. W. Rogers (57, pp. 45-46) 
himself, is uncertain whether or not they belong to the relatively undisturbed 
rocks of the Nuwerus area. Furthermore, the sheared feldspathic conglomerates, 
duartz-feldspar grits, and limestones of the coast, mapped and described as 
Nama system by A. W. Rogers, are rock types, not foreign to the pre-granitic 
sedimentaries (Kheis system), especially those of the Guaap sector, which seemed 
to have been erroneously regarded as Nuwerus series by him (cf. p. 111). Therefore, 
even if an intrusive relation be assumed to exist between the granite and certain 
sediments of the coastal belt, it does not afford proof of a younger Cape granite, 
as these sediments duite probably do not belong to the Nama, but to the sheared 
rocks (Kheis system) of the Nuwerus area or perhaps to the Stinkfontein—Kaigas 
Succession (Konkip), as tentatively suggested by A. L. du Toit (15, 2nd. Ed. p. 147). 
A. W. Rogers (56) furthermore admitted that he could not satisfactorily distinguish 
between the few thin sections from the alleged younger granite and the ordinary 
Namadualand granite, but stated (56, p. 53) that “it seems clear that there is no 
(mineralogic) distinction which could be serviceable in the field.” He concluded 
by saying that the boundary line between the two intrusions, as indicated on the 
map [Cape Sheet 19 (Nieuwerust)] had to be put in merely for the purpose of 
indicating the existence of two separate intrusions, but that its position is arbitrary. 


The Age of the Nama 


This problem can not be settled from evidence derived from the present area 
alone. Undoubted fossils were not found here, although curious imprints 
resembling plant and brachiopod remains are numerous on the muddy shales 
of the Schwarzkalk in the north-eastern part of the region. 

As regards the Nama rocks to the north of this area, viz. those of Neint 
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Nababeep, the writer was informed *) that during a recent survey of that area, 
no trace of fossils was found. 

In 1916 P. A. Wagner (71, p. 51) remarked as follows: “The Schwarzkalk and 
Otavi dolomite have as yet yielded no determinable fossils. Several geologists 
claimed to have discovered examples of orthoceratites and cyrthoceras in the 
Otavi dolomite, but the alleged fossils proved on examination to be concretions. 
What may possibly be an example of archaeocythus—a Cambrian coral— was 
found by Gurich in a specimen of the Otavi dolomite .. . . in the Kaokoveld 
A definite determination of the fossil in guestion could not, however, be made.” 

A. L. du Toit (15, pp. 144, 145) stated that, according to G. Gurich and 
S. H. Haughton, the Kuibis duartzites apart from yielding curious impressions of 
doubtful affinities, have provided traces of life, and he further reported that 
“from the Kuibis guartzites at Groendoorn (Grundorn) near Ham River Station, 
Gurich has described a medusa, Paramedusum africanum, and Haughton a cast 
having archaeocyathid characters.” He, therefore, suggests that the Nama 
formation is either Cambrian or latest pre-Cambrian. 

In the latest publication on Kuibis guartzites, viz. that of C. M. Schwellnus (64), 
no mention is made of the presence of traces of life, and in a personal interview 
he informed the present author that, although he did not visit the above-named 
1ocality (Grundorn), he did not find any fossils in the Kharas area. 

H. D. le Roex, in a description of the Otavi tillite, mentions (38, p. 210) the 
presence of structures in the dolomite which may, presumably, be of organic 
origin and, furthermore, states that certain cone-shaped structures in some of 
the dolomite bands had presumably been formed by the action of algae. 

In summarizing, it would seem as if there is very little positive evidence 
concerning the occurrence of fossils in the Nama. 


IX. STRUCTURAL FEATURES 


The faults, which are all younger than the Nama, are the most important 
structural features of this area. Their effect on the physiography and infiuence 
on stream development is characteristic, and has been dealt with previously 
(Chapter ID). 

The faults are divided into the major faults and the minor transverse faults. 
The major faults can be described as strike faults, that is, they are parallel to 
the strike of the Nama beds. 'The minor transverse faults strike more or less 
perpendicular to the trend of the major ones, and occur especially in the northern 
portion of the region. 

Associated with the major strike faulting are remnants of gentle, pitching 
anticlines and synclines of the Nama formation. 

In the southern portion of the area, in the vicinity of Nuwerus and 
Flaminkberg, conspicuous ridges of white vein auartz, sometimes standing out 
a hundred feet or so above the surrounding country, reveal the presence of 
fault planes. In the northern sector where this material is absent, the fault 
planes or zones along which Schwarzkalk shales rest against resistant granite 
or rocks of the Kheis system, are revealed topographically, by the presence of 
stream beds on them, or by the difference in the nature of the respective soils. 


*) Personal communication from Dr. John de Villiers of the Geol. Survey of the 
Union of SA. 
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@UARTZ VEINS IN RELATION TO FAULTING 


The Flaminkberg fault plane appears to be occupied by one continuous guartz 
vein, but if this same line of weakness is followed towards Nuwerus, the guartz 
veining indicates a zone of fracturing rather than a single plane of faulting. 
At the Nuwerus series-granite contact, for example, one mile south of the village, 
three separate guartz veins occupy a zone about 250 vards wide. 'These veins are 
not as conspicuous as the apparently single, and prominent vein near Flaminkberg. 

The association of duartz veins with zones of fracture is very common in the 
southern sector of the area, and the faulted junction between the Nuwerus 
duartzites and granite is typically associated with vein guartz, whose presence 
greatly facilitates the mapping of the dislocations. 'The longest fault of the 
area, the Nieuwoudts Nauwte fault, skirting the western boundary of the 
Knersvlakte, is characterised by the development of vein guartz along its entire 
length. 

@uartz veins, however, are not restricted to the fault contacts of the granite 
and Nama formation, nor are all fault zones characterised by duartz veins. 'The 
smaller white duartz veins, for example, trending W.N.W. in the granite near 
Kleinfontein, are indicated merely as such and not as faults. They are, no doubt, 
genetically related to the faulting, representing directions of tension within the 
granite, but as granite appears on both sides of these, it is impossible to ascertain 
whether any amount of movement took place along them. Similarly it was found 
that in many instances the rocks of the Nuwerus series, when affected by faults, 
were intimately penetrated by duartz veins, sometimes only a fraction of an inch 
in width. At Nuweruskop, which is a faulted outlier of Nuwerus rocks, it was 
observed that dguartz vein material occupies the joint planes parallel to the strike 
of the fault. 

The profuse occurrence of fragments of vein dguartz in the soil covering the 
Schwarzkalk rocks has already been mentioned. 'The abundance of this material 
locally called “tkoeroe klip”, seems to diminish northwards. While it is typical 
of the clayey soil in the flat country of Nieuwoudts Nauwte and Bakoondskolk, it 
is insignificant at Langdam and absent in the vicinity of Volstruisfontein and 
Modderfontein. The fact that the vein duartz material tends to be better 
developed near the main faults and diminishes in amount away from them, 
indicates that the fragmental vein duartz of the soil and the ridges of duartz 
occupying the fault planes are intimately related. 

In the southern portion of the area underlain by Schwarzkalk beds, that is, 
the major portion of the Knersvlakte, must actually be riddled with auartz veins 
of varying dimensions, but owing to the extensive soil-cover, it is impossible to 
establish the true relationship between the auartz veins and the planes of 
weakness which were exploited by them. In the bed of the Geelbeks River at 
a point just south of where the Houmoed—Graafwater farm road crosses the 
river, however, fairly fresh outcrops of Schwarzkalk shales were seen. The shales 
are slightly disturbed, and are veined by thin layers of vein auartz essentially 
along the bedding planes. 'This indicates that the bedding planes constituted 
planes of weakness or tension within the shale. 

It may thus be argued that the presence of abundant fragments of duartz 
derived from numerous guartz veins in the shaly Schwarzkalk of the Knersvlakte, 
probably indicates that the stress which caused the major strike faults to the 
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north, was relieved by large numbers of small fractures in the south, i.e, in the 
Knersvlakte. This would account for the disappearance of the major faults 
towards the south. 


THE NATURE OF THE FAULT PLANES 


The faults of the southern portion of the area, namely those which are 
characterised by more or less prominent ridges of vein guartz, are not accompanied 
by any conspicuous amount of brecciation of the country rock. It would appear 
that the guartz was infiltrated steadily as the planes of yielding along the fault 
zones widened, indicating an area under tensional stress. That the movement 
was not strictly continuous is revealed by the guartz veins at several localities, e.g. 
west of Witputs and on the Nuwerus fault plane east of Roodeberg. Here the 
vein material consisting of thin layers of white duartz was shattered and became 
recemented by later solutions depositing dguartz of bright red or dark grey colour, 
which resulted in the production of beautifully streaked vein duartz breccias. 
The existence of angular cavities within the material as well as the comb-structured 
nature of the veinlets and stringers of duartz filling the joint planes and minor 
cracks in the Nuwerus rocks adjoining some of the faults, are further evidence. 
of the tensional stresses that operated in that area. 

Towards the north of the area, the major fault planes are ill-exposed and the 
dguartz vein material as well as fault breccias are rare. Fault breccia consisting 
of crushed granite cemented by manganiferous and ferruginous material] has only 
been found on the Groot Riet fault near Kwanous. Although the transverse fault 
just south of Aronegas seems to be small, an exceptionally good example of a 
fault breccia was observed in the limestones and multi-coloured shales a few 
hundred yards south-east of the farm house. Most of the transverse dip fault 
planes are, however, occupied by little sandy stream beds or are soil-covered 
so that little evidence concerning their true nature was available. 

Reliable dip measurements of the fault planes could be made only in the 
Southern part of the area, where the dip of the guartz veins indicate the dip of 
the fault planes. Readings varying from 70” to 85” in an easterly direction were 
usually recorded. These faults may therefore be described as high angle normal 
faults usually having a downthrow towards the east. One exception was found 
at Witputs where two parallel strike faults bound a small faulted outlier of 
Nuwerus rocks in granite, forming a typical little grapen. d 

Where the fault planes are devoid of guartz, dip measurements on the fault 
planes could not be made. The downthrow sides of these faults are also towards 
the east. 'The transverse faults likewise do not offer any opportunity of dip 
readings on their fault planes. 


THE STRIKE FAULTS 


These faults may be subdivided as follows: firstly, those striking almost true 
north and which are responsible for the four troughs of Nama rocks in the 
northern part of the area. 'The most important of these have been named the 
Groot Riet, the Langdam, the Guaap (Koap) and the Tafelberg. Secondly, the 
Nieuwoudts Nauwte fault with its associated branch faults and also the faults 
of Eenkoker which all strike in a N.W.-S.E. direction. 


207 


The Groot Riet fault can be traced from where it causes the rocks of the 
Nuwerus series to terminate against the granite north-west of the farm Groot Riet 
to where it is cut of by the Nieuwouats Nauwte fault just to the north of 
HOoumoed. Tt follows an almost straight course throwing Schwarzkalk rocks 
against granite and associated Kheis sediments for over twenty miles. Near 
Houmoed it swerves westward rather abruptly to meet the Nieuwoudts Nauwte 
fault. This fault is characterised by a guartz vein of moderate Size, ocecurring 
from Houmoed to four miles south of Kwanous. 'The soil of the Schwarzkalk 
shaies along this portion of the fault is very rich in vein duartz material, and 
a duartz vein running parallel to the main fault seems to be striking south 
in the direction of other smaller dislocations occurring in the Schwarzkalk beds 
north-west of Bakoondskolk. 

The throw of the Groot Riet fault probably diminishes northward, but at 
Kwanous the throw can be estimated as approximately 38,000 Tt. 

The Langdam fault can be followed due southward from a point about four 
miles north of Modderfontein trigonometrical beacon. At Modderfontein farm, 
however, the fault plane suffers a break and is shifted westwards. From here 
the fault continues southward throwing rocks of the Schwarzkalk series against 
granite and Kheis rocks, and it finally dies out in the shaly ground south of 
Rhebok. In the vicinity of this locality a rather prominent guartz vein 
characterises the fault plane, but. north of Langdam the guartz vein is absent. 

On the eastern side of this Langdam occurrence of Nama rocks, the Nuwerus 
series is absent, from a point south of Volstruisfontein to Breektand, where this 
occurrence merges with the Schwarzkalk rocks of the Knersvlakte. 'The omission 
of the Nuwerus series here must be accounted for by a fault with downthrow 
towards the west. Further evidence of this subsidiary strike fault is rendered 
by the doubling of the outcrop of the Nuwerus series west of Volstruisfontein. 

The Guaap fault can be traced from the homestead at Draaihoek southwards 
as far As Breektand trigonometrical beacon. South of Draaihoek a slightly more 
complex fault sone exists. A strip of limestone and Schwarzkalk shale parallel 
to the main strike fault has been dislocated, and is separated from the main 
outerop by an intervening strip of granite. 'This fault plane is almost entirely 
devoid of vein dguartz, except along its southern extremity. 'The Guaap-Draaihoek 
trough of Nama rocks also shows evidence of faulting along its eastern border. 
South of Hoedkop the outcrop of Nuwerus becomes less regular and towards 
Hartseerkop only narrow discontinuous strips of Nuwerus duartzites are seen. 
The existence of faulting is also indicated by the occurrence of a row of surface 
dguartzite koppies along the line of contact of the Nama with the older rocks. 

The easternmost cf these major strike faults is the Tafelberg fault, which 
throws the Nuwerus guartzites constituting Tafelberg, against granite. South of 
Tafelberg Schwarzkalk shales abut on the granite along this fault. As rocks 
of the Nama formation are found as isolated occurrences on the upthrow side 
of the Tafelberg fault south of Tafelberg, the displacement of this fault must 
on the average be appreciably less than the throws of those faults already 
described. 

The Nieuwoudts Nauwte and its associated branch faults. 'The Nieuwoudts 
Nauwte dislocation is the longest fault in the area, and the presence of the fault 
plane is revealeë by a dguartz vein which can be followsd frem the main road 
near Eenkoker to a point north-east of Flaminkberg, a distance of about 30 miles. 
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From Houmoed, where it is joined by the Groot Riet fault, Schwarzkalk shales 
appear on its throw side and abut on a ridge of Basement rocks capped by 
remnants of rocks of the Nuwerus series, which form the physiographic border 
of the Knersvlakte. 

A few miles south of Houmoed a lense of Nuwerus dguartzites, two and a half 
miles long and rimmed by duartz veins, indicates that the main fault branches 
and ré-unites in a southeriy direction in a little poort cut by a small tripbutary 
stream of the Geelbeks River. 

At Nietwoudts Nauwte the Nuwerus fault branches of from the main fault 
and runs in a smooth curve passing just east of the village, while the latter 
continues uninterruptedly in a south-eastwardly direction. 


The throw of the Nuwerus fault diminishes southward, and it finally dies out 
to the south of the village. Still further south the continuation of the Nuwerus 
line of weakness is expressed by the little graben of Witputs, where rocks of the 
Nuwerus series, bounded by faults both on the east and on the west, are preserved. 


South-east of Nuwerus, about a mile east of the termination of the dguartz 
vein signifying the Nuwerus fault, another duartz vein is seen striking N.W.-S.E, 
indicating a fault, the Flaminkberg fault, in “en echelon” position to the Nuwerus 
fault. This Flaminkberg fault suffers another “en echelon” offset further south. 

Minor duartz veins, no doubt signifying smaller dislocations, and having a 
general trend parallel to the main direction of faulting, are of freguent occurrence 
in the vicinity of the village of Nuwerus. 

Conforming in direction of trend with the Nieuwoudts Nauwte and its 
associated faults, are the dislocations responsible for the preservation of the 
Nama rocks in the Eenkoker outlier. 'This outlier consists of shales and limestones 
of the Schwarzkalk series, almost completely surrounded by a ridge of Nuwerus 
rocks. A. W. Rogers (56) expressed the opinion that the Schwarzkalk rocks of 
this occurrence were probably bounded by faults on all sides. The present 
investigation, however, reveals one main fault striking N.W., having its downthrow 
towards the east, letting down limestone and shale against a ridge of almost 
horizontally disposed Nuwerus rocks. In the poort at Eenkoker the rocks of 
the Nuwerus series have been removed by erosion and limestones of the 
Schwarzkalk rest against granite. 

Occurrences of vein guartz and surface guartzites further indicate subsidiary 
strike faults in the north-eastern portion of outlier and an E-W. striking dip 
fault along the southern contact of the Nuwerus guartzites with the Schwarzkalk 
rocks. 

Although the structure of this outlier is somewhat difficult to understand, 
it appears to conform with the major structural features of the area, vig. gentle 
pitching folds affected by major normal strike faults with a downthrow towards 
the east, and by minor dip faults. 


THE TRANSVERSE FAULTS 


The Aronegas—Volstruisfontein fault zone. A. W. Rogers (56, p. 15) postulated 
one large transverse fault (the Byzondermeid fault) in the northern part of the 
present area. Branching from the Tafelberg strike fault, it is supposed to trend 
in a west-north-westerly direction towards Groot Riet. He states that the 


209 


downthrow is towards the south-west and that the north-eastern block probably 
shifted south-eastward. 


From the present investigation it appears that such a continuous fault as 
postulated by A. W. Rogers does not exist. Faulting, though, occurs along a zone 
(the Aronegas-Volstruisfontein zone), more or less indicated by the Byzondermeid 
fault on Cape sheet 19 (Nieuwerust). 


As guartz veins or breccias are usually absent from the fault planes in this 
sector it is difficult to follow the continuation of the faults. Furthermore it is 
impossible to find any indications of the faulting in the ridges of granite 
intervening between the troughs occupied by Nama rocks. Effects of faulting 
are brought out in all three troughlike extensions of Nama, by the disposition 
of the outerops of the Nuwerus series and the sandstone horizons of the 
Schwarzkalk. The beds of the Hartbees River and its tributaries which usually 
tend to follow lines of structural weakness also serve to indicate the presence 
and direction of fault planes in this zone. 


In the Groot Riet trough the transverse or dip faulting is evident from 
the occurrence of breccias (see p. 206) and the small, though definite shift of 
the Nuwerus series-granite contact. It would appear that the movement along 
the transverse fault was a small E.S.E. displacement of the northern block 
relative to the southern block. The Modderfontein strip of Nama rocks appears to 
have suifered more from this transverse faulting. 'The break in the Langdam 
fault plane near Modderfontein has already been mentioned (p. 207). Along 
the eastern contact of the Nama and the granite in the vicinity of Gannabos, the 
outerop of the Nuwerus series north of the transverse fault zone has sufered 
a relative shift to the west, so that the part of the trough of Nama rocks to the 
north of the fault zone has been narrowed and hence indicates a downthrow 
on the southern side of the Aronegas—Volstruisfontein transverse fault. 'The 
Composite nature of the fault zone under discussion is borne out further by the 
intricate arrangement of the outcrops of the Nuwerus series and sandstone bands 
of the Schwarzkalk series to the east of Gannabos farm (see p. 191). 


In the opinion of the author the intricate transverse faulting was the result 
of the difference in behaviour of the portions north and south of the transverse 
fault zone with respect to the operating stress. 1t appears that the throw along 
the major strike fault plane (Langdam) was greater in the portion south of the 
Aronegas—Volstruisfontein zone than in the portion to the north of it. 'The fact 
that the two segments reacted unegually probably set up torsional stresses locally, 
which found expression in contortion of part of the Schwarzkalk sandstone outerop, 
and the wedging out of a segment of the Nuwerus and Schwarzkalk rocks for 
almost a mile along the strike of the outerop. 

The effect of the transverse faulting is less noticeable in the Draaihoek 
extension of Nama rocks. North-east of Volstruisfontein, however, the 
Schwarzkalk-granite contact along the Guaap fault suffers a shift to the west. 
Eastwards from this point the effect of faulting is not visible in the Schwarzkalk 
shales, but north of this supposed fault the outcrop of the Nuwerus duartzites 
is shifted eastwards, so that a throw on the north-eastern side of the fault zone 
is indicated. 

It would appear, therefore, that while in the Draaihoek sector the movement 
along the Guaap fault was greater north of the transverse fault zone, the 
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movement along the Langdam fault was more intense south of that zone in the 
Modderfontein sector. 

Generally the Draaihoek trough of Nama rocks was not much affected by 
transverse faulting, and the author could find no indication in the field of the 
three E.-W. trending dip faults south of Draaihoek indicated by A. W. Rogers 
on Cape Sheet 19. Although a small shift of the granite-Nuwerus series contact 
is noticeable north-west of Volstruisfontein, it is so slight that only a few hundred 
yards north-west of this locality where a small stream cuts through the 
Schwarzkalk sandstone horizon, presumably on this same Tfault plane, the 
displacement of the outcrops is imperceptible. 

'The Breektand transverse faults. In the vicinity of the Breektand trigono- 
metrical beacon, west of the farm Graafwater the outcrops of the Nuwerus 
series are so arranged that transverse or dip faults have been postulated. Although 
dguartz veins are absent from these inferred dip fault planes, discontinuous veins 
of duartz occur in the older rocks to the east and in line with these faults 
affecting the Nuwerus series. 

These faults are believed to be associated with the subsidiary strike faulting 
occeurring west of Guaap ridge and which eliminates the Nuwerus series in the 
latter vicinity. 

The cause of the transverse faulting put forward above seems to apply in 
this case as well. 'The part of the crust around Breektand was probably more 
stable so that the westward throw along the north-south line of weakness was 
diminished in steps southward. 'This diminution of the throw caused rocks of 
the Nuwerus series to be preserved near Breektand beacon and Graafwater. 

A11 the transverse faults thus far discussed displace the fault planes of the 
strike faults, and although they may therefore be considered younger than the 
latter, the author is of opinion that the strike and the dip faults are closely 
related in time and mode of origin. 

The transverse faults north of Nuwerus. 'The two dip faults occurring between 
Nuwerus and Nieuwoudts Nauwte, and which strike in an E.-W. direction, differ 
in two respects irom those discussed above. Firstly, they affect a much greater 
relative displacement of the outcrops on the surface, and it may be assumed 
that this displacement is not due merely to normal slip faulting, but that a 
marked degree of shift accompanied the slip movement. Secondly, these fault 
planes do not displace the traces of the major strike faults, and may hence be 
slightly older than the latter. 


FOLDING 


In this area folding is structurally much less conspicuous than the faulting. 
Folds of a gentle nature consisting of pitching anticlines and synclines, however, 
existed before the faulting occurred. The major faults having a downthrow 
towards the east, usually occurred on the western limbs of the broad pitching 
synclines, but in several instances subsidiary strike faults with a westerly 
downthrow took place along the eastern limbs of the synclines. 'The anticlines 
which remained stable were actively eroded, the Nama rocks being removed from 
the underlying granite and Kheis rocks. 

The pitching nature of these folds is evident from the distribution of the 
outcrops of the rocks of the Nuwerus series south of Tafelberg and north-east 
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of Flaminkberg between the Nieuwoudts Nauwte and Flaminkberg faults as 
indicated on the accompanying geological map. 'This same type of structure is 
also seen south-east of Nieuwoudts Nauwte farm and in the Eenkoker outlier. 
The outlier of Nuwerus rocks S.S.W. of Elandshoogte trigonometrical beacon 
affords a good example of a single pitching anticline not disturbed by subseguent 
faulting. 

It would appear that the axes of the Eenkoker, Elandshoogte and Flaminkberg 
folds, and in fact, all the recognisable fold axes west of the Nieuwoudts Nauwte 
fault trend in a direction conformable with the strike direction of the faults in 
that sector. It is therefore duite probable that the trend of the faults were 
determined by the nature of the pre-ezisting folds. In the northern portion of 
the present area, in which the N.-$S. striking troughs of Nama rocks occur, this 
inference seems to find support. The Tafelberg fault seems to be parallel to the 
axes of the pitching folds revealed south of that locality. A better example still 
is found in the Guaap-Draaihoek area. North of Elandshoorn the Guaap fault 
is parallel to the axis of the synclinical fold, the direction of which can be deduced 
from the arrangement of the arenaceous lenses in the Schwarzkalk series. North 
of Volstruisfontein the strike of the fault swings towards a direction a little east 
of true north, conforming in direction with the axzis of the synclinal fold in 
the Schwarzkalk sandstone horizon. 


Age Relations of the Structures 


As the only rocks in this area Younger than the Namadualand gneissic 
granite belong to the Nama formation, it is difficult to make deductions concerning 
the probable age of these structures on the evidence obtained from this area 
alone. It is necessary to search for additional evidence bearing on this problem 
in areas related structurally and stratigraphically to the one under discussion. 

It has already been pointed out (Chapter VIID) that the sedimentary 
Ssuccession of this area can be correlated with the Nama formation occurring 
South of the Orange River and in South-West Africa. Furthermore, it was als) 
indicated that the Schwarzkalk series of this area is probably part of the shaly 
“Malmesbury series” occurring around Vanrhynsdorp. 

In 1900 A. W. Rogers and E. H. L. Schwarz (61) remarked that the Table 
Mountain Sandstone of the Bokkeveld and the Kobe mountains which is almost 
horizontally disposed, rests on a moderately folded slaty formation. This 
indicates that the folding in the “Malmesbury” is of pre-T.M.S. age [cf. also 
A.L. du Toit (15, 2nd. Ed., p. 146) |], and the later Cedarberg foldings only followed 
the previously established lines of weakness [A. L. du Toit (15, 2nd. Ed., p. 505) 
and J. de “Villiers (14) 1. In the Western Province, a post-Nama—pre-Cape 
orogenic cycle, at the close of which the younger Cape granite was intruded, was 
postulated by D. L. Scholtz (63). A.L. du Toit (15, 2nd. Ed. p. 1387) is of opinion 
that post-Nama movements also caused folding along the western coastal belt. 
He states “preserved here and there within the coastal region and forming an 
Extension or repetition of the crumpling almost parallel to the shore, that has 
affected the older systems so strongly, is a post-Nama folding attended by the 
intrusion of granite, e.g. Kuboos and syenite, e.g. Granitberg.” 

Though the sediments around the Kuboos.batholith are not considered as 
Nama, S. van Biljon (74), in a recent study of that area, expresses the opinion 


212 


that pulses directed from between west to east, and south-west to north-east, 
caused the deformation of the Stinkfontein duartzites so that they assume a 
strike N.30* W., which is approzimately parailel to the coast and which conforms 
With the direction of post-Nama foldings. 

It now seems reasonable to assume that the approximately N.-S. trending 
tolds in the Nama rocks of the present area were also formed during this post-Nama 
orogenic cycle of the western coastal belt. 'The easterly directed pressure only 
caused moderate folding in this area, in contradistinction to the more intense 
deformation in the south-west of the Province. 'This is probably in part due to 
the fact that the grain of the Basement Complex of the North-Western districts 
has an east-west trend, a direction which was therefore parallel to the direction 
of the applied pressure. 

The faulting of this region, however, did not occur during the period of 
compression and folding. The faults are all normal faults and indicate 
deformation under conditions of tensile stress, which must have existed in this 
region subseguent to the period of post-Nama folding. 

The Mid-Cretaceous in South Africa is a well-known era during which normal 
faulting occurred around the southern end of the continent. Whereas the 
downthrow of these Cretaceous fractures usually occurred on the ocean side. 
the N.-S. trending strike faults in ihe present area have downthrows generally 
on the landward side, and are believed to be different and also older than the 
former [ef AI du Toit (is, 2nd. Ed. p 50 

At Steinkopf, Neint Nababeep and Klein Kharasberge normal faults occur. 
having the same general trend as the faults in the present area. Some of these 
faults not only affect the Nama formation, but also rocks of the Dwyka series. 
A. W. Rogers (59) pointed out that the Neint Nababeep faults with tprow to the 
landward side, letting down Dwyka rocks against the Nama, were of post-Dwyka 
age, but he expressed the opinion that the strike fault bounding the Nama rocks 
in the Steinkopf plateau, where Dwyka rocks are absent, might be of a different 
age. Recently, when describing a Nama tillite in the Kharas mountains, 
C. M. Schwellnus (64) indicated that the N.-S. treading block faulting, as a result 
of which the Klein and Groot Kharas mountain blocks were formed, also affected 
rocks of the Dwyka series. 

From the above examples it follows that normal strike faults at least partly 
of Dwyka age exist along the western part of South Africa. 

It may be reasonable to assume that the faulting at Steinkopf and south 
of the Kamiesberge, although not showing any faulted outliers of Dwyka series, 
is closely related in age with the faulting further to the north. 

These normal faults are believed to be due to a state of tension which 
prevailed in that part of the continent during Dwyka times. Such a state of 
tension probably existed during the evolution of the Karroo geosyncline, the 
western flank of which lies to the east of the Nama folded belt of the western 
coastal region. Whether it is now accepted that the formation of the geosyncline 
is the result of tensile stresses within the crust or whether it is believed that 
geosynclinal sinking is due to sedimentary loading, the conclusion that a state 
of tension was created on the flanks of such a basin seems inescapable. And it 
is believed that the normal] faulting with downthrow usually towards the landward 
side, that is, in the direction of the site of the geosyncline, observed in this area 
is due to tensional stresses which attended the formation of this geosyncline. 
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The distribution of the major faults with respect to the geosyncline may, 
however, be taken as a serious objection against the view expressed above. As 
far as is known at present the faulting has only been recorded south of the 
Kamiesberge and in Steinkopf and Neint Nababeep. In this connection it must, 
however, be borne in mind that the faulting is only distinctly visible and thus 
indicated on geological maps as far as rocks of the Nama system are preserved 
along these faults, and there is reason to believe, as pointed out by A. W. Rogers 
(56, p. 138 and 57, Dp. 44) that the faults of the area now under consideration are 
continued far into the granite country of the Kamiesberge. 


The fact that the throws of the faults diminish in the direction of the 
geosyncline may also be taken as an objection against the view expressed above. 
The displacement along the Tafelberg fault is evidently less than the throw 
of the Groot Riet fault, and east of Tafelberg, that is, near to the flank of the 
geosyncline, the throws of the strike faults are still less, so that only narrow 
9utcrops of the Nuwerus series are preserved on the granite (cf. Cape Sheet 19). 
This may be explained by assuming that along the N.-S. fault zone of the present 
area the relief of stress was localised and found expression in major faulting, 
while further to the east the stress was probably compensated for by a larger 
number of smaller fractures as is indicated by the closer spaced faults with smaller 
amounts of displacement in the Uilklip—Meulsteenkop sector (Cape Sheet 19) 
east of Tafelberg. The continuation of such smaller fractures into the Knersvlakte 
would not be discernible owing to the clayey and sandy nature of the surface. 


This localisation of the major faulting under the tensile stress may now be 
further discussed. It has already been indicated that the direction of faulting 
appears to coincide with the axes of the post-Nama folds of this area. 'The 
folding probably gave rise to a more rigid crust in which the tension was relieved 
by major faults, whereas towards the east, where folding was less intense (see 
p. 195) the compensation was brought about by smaller fractures. 


In this connection it would be instructive to study the Lake Champlain 
region of America, which as regards its structure, forms a striking parallel to 
the area now under consideration. 'This region consists of normally faulted 
lowlands between the compressed geosynclinal sediments of the Green mountains 
in the east, and the dome-like Adirondack mass in the west. 'The normal faults 
have downthrows in a step-like manner towards the Green mountains, and the 
area of normal faults is bounded on the east by the Green mountain thrust, which 
is younger than the normal faults. 'The greatest development of the normal 
faulting seems to be in the vicinity of the Adirondack mountains, and A. C. 
Swinnerton (67) considered it possible that the faults were really upthrusts 
related in some way to the growth of the Aridondacks. A. W.@uinn (50), however, 
after studying the relations of the structures, suggested that the forces were 
present all along the border of the Green mountains, but noticeably active only 
in the vicinity of the Adirondacks. As the normal faults were believed to be 
older than the thrusting and mountain making, they were considered to be related 
to the process which preceded the mountain building. He therefore expressed 
the opinion that the faults were caused by tensional forces which existed between 
the upstanding Adirondacks and the sinking geosyncline during the geosynclinal 
stage of the Green mountains. Assuming according to W. H. Bucher that 
geosynclines originate from tensional stresses A. W. @uinn (50) concluded that 
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“normal faults might mell be produced along the margins of geosynclines, 
especially near areas which tend to rise rather than sink with the geosynclinal 
areas.” 

The localisation of a major fault zone in the present area is therefore, 
according to the writers opinion, due to a zone of weakness between the sinking 
Karroo geosyncline and a belt of relative uplift or stability to the west of the 
geosynclinal] area. That such a zone of relative uplift probably existed within 
this area was expressed by A. W. Rogers (56, p. 14) when discussing the physical 
and structural features of the Kamiesberg and Dwyka-covered Bushmanland. 
He maintained that the slope from the Kamiesberg to Bushmanland was unusually 
rapid for the base of the Dwyka, and added that “if a line be drawn on a map 
along the main anticlinal axis of Cedarberg and extended northwards beyond 
the limit of the Cape formation, it would pass through Kamiesberg, and the 
elevation of the latter region may have been connected in origin with the 
Cedarberg folds.” 

It is therefore probable that a zone of relative uplift esisted, which further 
towards the south gave rise to the Cedarberg folding. 'This folding is generally 
accepted to be older than the folding in the southern districts, and according 
to J. de Villiers (14, p. 202) corresponds to the first of four phases of deformation 
in the Karroo geosyncline, viz. the weak middle Carboniferous pulse. 

In summarising it may be said that during about the Mid-Carboniferous, 
while the Karroo geosyncline was sinking in the present Bushmanland, relative 
uplift occurred along an approsimately N.W.-S.E. axis on its western flank. 
Between these two areas tensional forces were active, which were strongest near 
the areas of greatest relative uplift or rigidity, causing step-like normal faulting 
With downthrow towards the geosynclinal side in the present area. 


X. YOUNGER INTRUSIVES 
DOLERITES 


During his survey of the area in 1904, A. W. Rogers (54, p. 31) obtained a 
sample of a dolerite from a well probably sunk on a dyke in the village of Nuwerus. 
He maintained that “this rock is closely related to the dolerite in the thinner 
dykes and sheets of the Karroo, though it has not the striking porphyritie nature 
found in the thinnmest dolerite intrusions of that region.” He further stated 
that this dyke rock was also more weathered than the Karroo dolerites. 

During the present survey a few more dolerite dykes were encountered. These 
dykes are usually very small, only a yard or two in width, and can seldom be 
followed for more than a hundred yards along their strike. 'The dyke of Houmoed, 
however, is a notable exception. 'Tt is about 30 vyds. wide and at least half-a-mile 
in length. The smaller dykes were found at the following localities. One, 
exposed for about 110 yds. in an E-W direction, was found intrusive in sheared 
feldspathic sandstones of the Primitive system just east of Rhebok trigonometrical 
beacon. About a mile north-west of Modderfontein another dyke was found 
intrusive in the granite. 'This dyke is indicated on A. W. Rogers! map (Cape 
Sheet 19), but was not described in the accompanying report of 1911. 'Two dykes 
were located which throw more light on the age of these intrusions. One, a very 
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narrow dyke, striking E-W and exposed for a hundred yards, was found in the 
Schwarzkalk shales to the south-west of the southernmost little building on the 
farm Byzondermeid. Another one, occurring N.E. of Kwanous, is intrusive in 
granite, but also pierces the overlying Nuwerus dguartzites. 

These little dykes usually weather more rapidly than the surrounding country 
rock, and the Houmoed dyke being the only fairly large one, creates a definite 
depression in the hill-side of the granite behind the farm-houses. 

The dolerites, with the exception of the Houmoed dyke, follow the structural 
grain of the basement rocks. 'The Byzondermeid dyke cropping out in an E.-W. 
direction in the Schwarzkalk shales has probably also been infiuenced in its 
mode of intrusion by the underlying granite. 'The strike of the Houmoed dyke 
on the other hand, is almost right-angular to the regional trend of the granite 
structures in its surrounding. 

In hand specimen these dolerites are fine-grained, non-porphyritie, greyish- 
black to dark black compact rocks, with bright brown incrustations on weathered 
Surfaces. 'The Houmoed dolerite, however, is distinctly medium-grained with 
laths of feldspar up to 3 mm. in length. It would appear, therefore, that the 
texture is related to the size of the intrusion. 

In thin section some of these rocks show a fairly large proportion of interstitial 
glass, in which minute needles of feldspar and grains of pyroxene are present. 
The texture of the dolerites is usually subophitic to intergranular, but the one 
from Rhebok is beautifully ophitic. In the finer grained rocks, plagioclase 
(probably labradorite-bytownite) and a somewhat zoned augitic pyroxene are the 
chief mineral constituents. Magnetite sometimes having well-developed crystal 
boundaries is always present. Fresh olivine was not observed, but one is not 
certain whether or not it is also partly represented by the green serpentinous 
product which is formed from the alteration of the pyroxene. 

On account of their coarser grain, the Byzondermeid and especially the 
Houmoed rocks yielded more definite optical data. The plagioclase shows normal 
continuous zoning, With cores corresponding to a composition of An,-, Srading 
into mantles having a composition of An... In the Houmoed dolerite a 
determination of the composition of some of the smaller zoned plagioclase twins 
yielded values ranging from An, to An, This probably indicates that at least 
two generations of feldspar are present. In the above-mentioned rock the 
feldspar is slightly more weathered than in the case of the fine-grained 
dolerites. Sericitisation as well as chloritisation, the latter occurring along 
cleavages and eracks in the feldspar, were observed. 

Orthorhombic pyroxene, though absent from the Houmoed dolerite, was 
observed in the Byzondermeid rock. It is, however, scarce and is largely altered 
to.a slightly pleochroic light brownish bastite. The fresh orthopyroxene having 
9V, — 60, occurs as islands within the bastite. 

Monoclinic pyroxene, however, is the chief mafic constituent, and according 
to its optical properties 2Vy — 38*-43* and v/c — 4 38”, is an augite of the type 
recorded in the Western Province dolerites by G. Nell and W. C. Brink (45). 'In 
the coarser grained Houmoed rock, zoning of the monoclinic pyroxene is rather 
distinct, often resulting in zoned crystals consisting of a core surrounded by a 
well demarcated mantle. 'The zoning does not seem to be discontinuous and 
cleavage traces are common to both. 'The cores are almost uniaxial 
(9Vy— 4 10% and it is, therefore, typical pigeonite. The outer zone has 


216 


2Vy—38* to 42” and v/c—38*, and is, therefore, the ordinary pyroxene 
characteristic of the other dyke rocks. Serpentinisation of the clinopyroxene 
is common and it would appear that the pigeonite cores, especially at their 
contacts with the augitic mantles, were most readily attacked. 

Magnetite may occur as large irregular grains and may be associated with 
the serpentine. Pyrite is found as irregular skeletal growths and in one instance 
surrounds the smooth crystal boundaries of a pyroxene crystal. 

In the coarser grained dolerites the interstitial glass is of little importance, 
as it has almost completely crystallised out, vielding a mieropegmatitic 
intergrowth of duartz and feldspar. 

Two of these dolerites have pierced rocks of the Nama system, but as 
Karroo rocks are absent from the area no further indication of their age can 
be gained from stratigraphical evidence. 

Mineralogically these dolerites, with the exception of the Houmoed dyke, 
show more features in common with the dolerites of the Western Province 
than with those of the Karroo. 'The An-content, varying from 60% to 70% 
in the cores to 40% in the mantles; and the smaller crystals ranging 
in composition from An, to An,, is in good agreement with the corresponding 
values obtained for `-the plagioclase of the Western Province dolerites 
(ef. G. Nell and W. C. Brink (45) 1. The optical constants of the clinopyroxene 
also point to a probable correlation of the dolerites of the Nuwerus area with 
those of the Western Province. 

In the latter province the dolerites are post-Malmesbury and have even 
been observed to pierce the lower layers of the TM.S. (45, p. 29). In the 
Nuwerus area T.M.S. does not occur, but it is of interest to note that in the 
Bokkeveld escarpment, to the east of this area, A. W. Rogers and E. H. L. Schwarz 
(61, p. 29) found a dolerite dyke which also penetrates the T.M.S., overlying 
the Nama rocks. 

The Houmoed dolerite, however, differs from the others in several respects. 
Tt is of much larger size and coarser grain and does not conform in direction 
of strike with the grain oi the Basement rocks. Mineralogically also this 
difference is borne out by the constitution of its pyroxene. 'The zoned pyroxene 
consisting of pigeonite cores surrounded by augitic mantles is typical of Karroo 
dolerites. Considering this evidence the Houmoed dyke may be regarded as 
not related to the other dyke rocks, and may probably be of Karroo age. In 
this connection it should be borne in mind that according to A. W. Rogers (56), 
the dyke rocks of Namadualand, especially towards the coast where they are 
rather abundant, may represent various ages of intrusion. 


HORNBLENDE-GABBRO 


The only occurrence of this rock-type within the mapped area was found 
in the granite of the soil-covered area south of the village of Nuwerus. It is 
more or less 400 x 200 yards in extent but its actual contacts with the granite 
are not exposed. In hand specimen it is a medium to coarsely grained 
crystalline rock consisting practically of greenish-black hornblende and white 
feldspar crystals oniy, averaging 3-4 mm. in grain size. 

In addition to the hornblende and feldspar the microscope reveals a small 
amount of dusty magnetite grains associated with the chloritic and sericitic 
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Anal.: W. C. Brink (new analysis). 


. Hornblende-gabbro of Nuwerus. 
Average of 118 European gabbros (olivine free). A. Johannsen (31, Vol. TT, Table 78). 
Hornblende-diorite, Spektakel. Anal.: C. Weeks. R.Latsky (35, Table 3, No. 4). 
Mica-diorite, New Prospect. Anal.: C. Weeks. R. Latsky (35, Table 2 ND ol) 
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alteration products of the feldspar. Small zircons are present within the 
hornblende but apatite was not observed. A micrometric measurement reveals 
59% by volume of the feldspar and 41% of hornblende. 

Loose boulders (4 6 inch in diameter), of a gabbroic rock were found in 
the little stream bed behind the farm-house at Kwanous but the parental 
outerop was not located. 'These boulders show a marked flow foliation and 
are more hornblende-rich than the gabbro of Nuwerus. 

The texture of this rock is intergranular hypautomorphic to automorphic 
and especially the hornblende often shows well bounded crystal faces. 

The feldspar is a twinned and moderately zoned labradorite. 'The cores 
having a value of An, and the mantles correspond to a composition of AN. 

The hornblende is untwinned but has well developed cleavages. The 
following optical properties were determined by means of the U.M. stage: 


Va — 85-88” y — dull greenish-brown 
le sk B — brownish-green 
VB la a — light greyish-brown or light golden brown 


These properties indicate common hornblende. The hornblende is 
practically unaltered while the plagioclase has suffered a moderate degree of 
Saussuritisation resulting in well crystallised flakes of sericite and granules of 
Zoisite, the latter often showing the distinctive “ultra blue” interference 
tints. Chlorite is present in the form of light green almost isotropic flakes, 
along cracks and on borders of the plagioclase crystals. 

According to texture and mineralogic composition this rock may be called 
a hornblende-gabbro '(Bojite) in the sense as used by A. Johannsen (31, 
Vol HI DAG! 

A chemical analysis of this Nuwerus rock is given below (Table 7), together 
with an average analysis of 118 European gabbros (31, Vol. IIT, Table 78) and a 
hornblende- and a mica-diorite from the copper bearing area of Namadgualand 
lei BR. Hatsky (as) IE 

Chemically, therefore, this intrusive of Nuwerus agrees rather well with the 
average gabbro. It also shows a good agreement on chemical grounds with 
certain rocks, called hornblende- and mica-diorites by R. Latsky, and which 
are associated with the copper bearing intrusives of Namadualand. As regards 
modal composition also there seems to be marked agreement between the 
Nuwerus hornblende-gabbro and the hornblende-diorite (No. 3, Table 7), if the 
12.8% of alteration products of the latter is considered as derived mainly from 
plagioclase. 

The Nuwerus hornblende-gabbro cannot be considered as related to the 
pre-granitic basic intrusions, discussed in Chapter V. 'There is a marked 
difference in macroscopic and microscopic features between them and, further- 
more, the hornblende-gabbro is on structural grounds considered to be younger 
than the Namadgualand gneissic granite. Around Nuwerus the foliation of the 
latter is almost E.-W., while the long axis of the gabbroic body is N.W.-S.E., and 
its not too distinct flow foliation strikes in a direction N. 30” Wi. 

This intrusive may be related to the copper bearing 'intrusives of 
Namadualand (see above), but it is devoid of any copper ores. 
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ABSTRACT 


Excluding the large deposit of impure pyrophyllite known to occur 
on the farm Gestoptefontein in the Lichtenburg district, Transvaal, an 
attempt was made to investigate all other known occurrences of 
pyrophyllite in South Africa. 'The research reveals the fact that the 
Maribogo pyrophyllites in Bechuanaland are in reality talc derived from 
altered xenoliths of hornblende schist, and that the agalmatolite from 
Namadualand is pinite replacing feldspathic sillimanite schist and 
granite. Similar material derived from granite is also known to occur 
in the Western Province. 

A new occurrence of pyrophyllite located along the sheared eastern 
margin of a syncline of phyllitic Malmesbury shale in the Worcester 
district is described. Andalusite, cyanite and diaspore occur in 
association with the pyrophyllite in a sericite schist. Field and laboratory 
evidence suggests that the mineral was derived from the enveloping 
shale by the leaching of alkalies, magnesia and iron, accompanied by 

' alumina enrichment and little variation in silica content. 
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1. INTRODUCTION 

The present research was undertaken with the object of investigating in 
detail the mode of occurrence, petrography and probable genesis of pyrophyllite 
deposits in South Africa. Though pure pyrophyllite is a mineral of considerable 
economic importance, the only South African occurrence which has been subjected 
to detailed investigation in the past is that of Gestoptefontein near Ottosdal, in 
the Lichtenburg district, Transvaal. L. T. Nel, who described the deposit, has 
shown that the “Wonderstone” is probably an altered tuf, holding up to 50% 
of pyrophyllite. 

Afttention was, therefore, focussed on all the less well-known occurrences, 
brief accounts of which appear scattered through South African geological 
literature. 

Field work was conducted during the winter season of 1945. Owing to petrol 
restrictions the writer was unable to examine the narrow pyrophyllite veins 
associated with the talc which were discovered by A. L. Hall in the Barberton area. 
It is, therefore, to be regretted that the Curator of the Geological Survey Museum 
in Pretoria was unable to supply the writer with any of Dr. Hall's specimens for 
detailed laboratory. investigation. 

While conducting a geological survey of the area in the neighbourhood of 
Mafeking and Vryburg in 1905, A. L. du Toit (6) recorded the presence of a vein 
of pyrophyllite three feet in width in the old granite gneiss, near Maribogo station. 

In 1912 A. W. Rogers (9) reported on the presence of deposits of agalmatolite 
at Rietberg in the Springbok area, Namagualand. In a personal communication 
Dr. Rogers informed the writer that similar deposits esisted in the vicinity of 
Nunuams, to the west of Steinkopf. 

In 1943 D. de N. Wiid discovered three small deposits of pyrophyllite in a 
phyllitic shale horizon of the “Malmesbury Series” near Waaihoek in the Worcester 
area, while a party of six post-graduates of the Geological Department of the 
Stellenbosch University were surveying the 'Tulbagh—Swellendam mountain- 
foreland region on behalf of the Social and Economic Planning Council of the 
Union. 'The research work on hand at that time precluded the detailed study 
of the occurrence, but A. M. J. de Swardt, another member of the party, briefly 
described the deposit. A description of each of the three last-named occurrences 
studied in the field and laboratory by the writer is embodied in this paper. 

Pyrophyllite finds a use in various branches of industry. Ground pyrophyllite 
can replace pulverised talc in many of the industrial uses served by the latter 
mineral, but being extremely limited in its occurrence is but rarely used in this 
manner. Ground pyrophyllite may, therefore, be used as a filler or loader 
material in paper and paint, for textile bleaching, in rubber and roofing 
manufacture, in cosmetics and for battery cases. 'The compact massive variety 
may also serve for lava use as well as for the manufacture of crayons. 

Pyrophyllite, however, finds its most important use in the ceramic industry, 
where its chemical composition and particularly its pyrochemical properties 
render it of special value — the result of research during recent years. In this 
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industry it finds a use in the manufacture of semi-vitreous dinnerware, wall tiles, 
high grade refractories of the fireclay class and electrical insulators. For the 
last-named use pyrophyllite proved Superior to porcelain, but inferior to steatite. 
Tt is, however, often used where the dualities of steatite are not demanded. 

In the Union the impure pyrophyllite or “Wonderstone” of the Lichtenburg 
district, though useless for ceramic purposes, is largely employed in the 
manufacture of tiles, table tops, sinks, tombstones, statuary, pottery, etc. owing 
to the ease with which it can be worked and turned on the lathe, while its low 
conductivity renders it useful for the manufacture of switchboard panels and 
related electrical appliances. 
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II. THE WAAIHOEK PYROPHYLLITE DEPOSITS 


The area represented on the geological map (Plate TD) is located about two 
miles north-north-east of Botha siding, and about twelve miles from Worcester. 

The Waaihoek deposits of pyrophyllite occur in a region which falls within 
the south-western foothill zone of the prominent Hex River range, and are 
located about half-a-mile east of the Waaihoek beacon, 2,371 feet above sea level. 
Shear breccias of schistose duartz and recrystallised shales build two prominent 
ridges due east of the pyrophyllite bodies, which seem to be associated with this 
zone of shearing. Being less resistant than the shear breccias, and only slightly 
tougher than the encompassing shales, they produce no marked outcrops, and 
hence are not easily located. 'The slopes of Kleinberg, on which the Waaihoek 
beacon is situated, are relatively steep. So also are the flanks of the shear 
breccia ridges. Soil creep is a notable feature along the flanks of these 
prominences, while the intervening lowlands tend to accumulate a considerable 
soil cover, obscuring the scanty outcrops of the relatively weaker shales and 


pyrophyllite rocks. 


A. GEOLOGY AND STRUCTURE 


Lithologically the rocks of the Malmesbury series may be said to exhibit 
little variation in the area under consideration, and argillaceous rocks, 
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characterised by a well-developed shear cieavage and a fine texture, predominate. 
Shales, clay slates and gritty slates, grading imperceptibly into one another, may 
be recognised. 

Alluvium and talus derived from the underlying bedrock cover a large part 
of the area surveyed. In the western part of the region the argillaceous rocks 
are overlain by very hard and resistant white duartzites. These duartzites are 
of a medium-grained type with occasional scattered well-rounded pebbles of 
guartzitie material up to one-and-a-half inches in diameter. 


Thin bands of less resistant dguartzites are intercalated with the underlying 
argillaceous rocks. 


A north-south trending crush zone traverses the eastern part of the area. 
The southern part of the shear zone is characterised by a massive vein dguartz 
traversing feebly-sheared argillaceous rocks. When followed northwards, it 
grades into a broad brecciated dauartz schist and eventually into a coarsely 
brecciated argillaceous horizon in which fragments of contorted and silicified 
shale are visible. 

The area under consideration is located on the eastern limb of a major 
synclinal fold in the Malmesbury sediments. 'The axis of the fold strikes about 
15 degrees east of magnetic north. The bedding of the rocks on the western 
limb of the fold is rather difficult to recognise, as it is obscured by a prominent 
shear cleavage which dips at an angle of about 55 degrees to the east. In a few 
localities, however, the dip of the bedding was measured and found to be 
50 degrees to the east. In the eastern limb of the fold the beds dip westwards 
at angles ranging from 48 to 52 degrees. 'These measurements indicate that the 
synclinal fold is practically symmetrical. 

A distinct shear cleavage has been developed in all the rocks present in the 
area and is most prominently displayed by the shales, but is less well-developed 
in the dguartzites and conglomerates. 'This shear cleavage has a general strike 
which varies from 17 degrees east of magnetic north to 5 degrees west of magnetic 
north, while its angle of dip ranges from 48 degrees in the eastern to 62 degrees 
in the western part of the area. 

Two diferent directions of lineation are apparent, the one being feebly 
developed while the other, which is clearly of later age, is much more conspicuous. 
The strike of the former varies from 10 degrees east to 5 degrees west of magnetic 
north. This lineation seems to have developed simultaneously with the major 
synclinal flexure, as its strike practically coincides with that of the fold and 
the shear cleavage. It has, however, been largely obliterated, and its direction 
of strike could only be recorded in a few instances. 

The later and much more prominent lineation trends in a general W.N.W.- 
E.S.E. direction, the magnetic bearing of the strike usually varying from 69” to 78”. 
In the eastern part of the area surveyed this secondary lineation dips in a 
south-westerly direction at angles ranging from 45” to 58”. 

The lineation which does not strike parallel to the major synclinal fold 
appears to be younger than the shear cleavage which has been contorted and 
folded on a small scale in some parts of the area. Folds, overfolds and thrusts 
may be clearly seen to affect the shear cleavage of the shales, especially near the 
contact with the overlying white duartzites. 'These minor folds strike in a 
direction which is more or less parallel to the strike of the well developed 
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lineation: that is, in a direction which varies from 65* to 38” (magnetic north). 
It seems likely, therefore, that these minor folds and the well developed lineation 
were formed simultaneously and are of later age than the shear cleavage. 

The minor folds may vary from symmetrical synclinal and anticlinal folds, 
to asymmetrical and overfolded structures which seldom exceed eighteen inches 
in height. In many cases these overfolds were thrust for about twelve to eighteen 
inches, and the overfolding occurs in one of two directions; either from south 
to north, or vice versa. This indicates that pressure was not applied from only 
one of these two directions, but that the folds were formed by the application 
of pressure from both sides simuitaneously, and in similar degree. These 
phenomena may, therefore, indicate a second period of deformation of the 
Malmesbury rocks. 


The Shear Zones and their Patterns 


Zones of deformed, hardened, brecciated, contorted and mylonitised shales 
are present in the area. 'The major (N-S) shear zone is well defined, and is 
displayed in a steep ridge of hard and resistant rock on the summits of the two 
hills in the eastern part of the area. 'The pattern of the shear zone is 
diagrammatically illustrated in Fig. (1). 

In this diagram it is assumed that the surface is level throughout. 

The trend and dip of the majority of shear zones in the area is approsimately 
parallel to the direction of the strike and dip of the shear cleavage. These zones 
are, however, sharply cut by a shear zone which strikes perpendicularly to the 
former in a more or less east-west direction. 'This shear zone is located in the 
north-eastern part of the area investigated. In a westerly direction it disappears 
under the alluvium and is not present on the Kleinberg. In the eastern part 
of the region it is joined by the major (N-S) shear zone, and may be followed 
further eastward from the junction, but is here only characterised by the 
hardening of the shales, and no brecciation is exhibited in this locality. This 
zone of hardening of the shales merges with another minor shear zone trending 
north-south, which is also characterised by the hardening of the shales. 

The major shear zone trending north-south is extended to the north before 
joining the major east-west shear zone, in a manner which may be described 
as step-shearing (see figure 1). 

All the pyrophyllite outerops are located in shear gzones. Two of these 
outcrops are situated in one minor (N-S) shear zone, while another is situated 
in the major shear zone trending north-south farther to the east, Only a few 
thin lenses of pyrophyllite occur in the major east-west trending shear zone. 
The fourth pyrophyllite body is located in an intensely sheared minor (N-S) 
zone, which joins the major east-west zone just prior to its disappearance beneath 
the alluvium. 

As previously described all the shear zones, except the east-west, follow 
the strike of the shear cleavage perfectly. 'The only exception is the obligue 
shearing encountered in the step-shearing zone. It seems that the bedding of 
the shales in the area east of the major fold coincides with the shear cleavage, 
or may make a very small angle with the shear cleavage farther from the main 
fold axis. 'This could, however, not be determined definitely, as the bedding is 
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rather obscured by the well-developed shear cleavage. It will, therefore, be 
difficult to determine the precise character of the shearing. 

Slickensides could not be detected in the main shear zone as a result of the 
advanced brecciation and crushing of the rocks. It appears that, no matter 
what the result of the movement in the shear zone was, the displacement could 
not have been large. Displacement along the east-west trending shear zone 
could balance the displacement effected along the north-south zone, but owing 
to the fact that this shear zone does not appear greatly to exceed 400 yards in 
length, it seems unlikely that any large displacement could have occurred. 

In the east-west shear zone, which seems to be of vertical dip, slickensides 
occur in piaces, indicating an upthrust of the southern part relative to the 
northern portion. By noting the character of the shales in the immediate 
neisghbourhood of the east-west trending shear zone, the direction of the movement 
can be detected. 'The shales which are in immediate contact with the zone on the 
northern side, are bent sharply upwards, towards the zone of shearing, while 
those on the southern side are bent sharply downwards, indicating an upthrust 
of the southern portion. 'To produce this movement on the east-west trending 
shear zone, it seems that the movement on the north-south shear zones indicated 
by the steep dip to the west, must have been such that the hanging wall was 
thrust upwards in an easterly direction, while the footwall would move in a 
westerly direction, a process which could clearly have taken place if the rocks 
were subjected to compression. The shear zones and shear cleavage have obviously 
been developed concomitantly with the major synclinal fold. 


Origin of the Shear Zones 


It has been pointed out by A. M. J. de Swardt that a well-developed shear 
cleavage is present in the shales occurring in the region east and north of the 
major shear zones, while the shales surrounding the pyrophyllite bodies display 
much weaker shearing. The pattern of the shear zones is clearly related to 
this feature. 

It seems that the rocks in the area under consideration were subjected to a 
set of shearing stresses. In the eastern and northern part the shearing effect 
was distributed evenly through all the shales, thus producing the well-developed 
shear cleavage. In the area surrounding the pyrophyllite bodies, however, this 
shearing was concentrated in definite zones, and in this fashion produced the 
shear zones present in the area, while the rocks which are not located in these 
zZones suffered little or no shearing. 

From the fact that many duartzite and duartz schist remnants are present 
in this zone, A. M. J. de Swardt deduced the presence of an arenaceous zone, 
the major portion of which was extensively brecciated, thereby constituting part 
of the crushed rocks of the shear zone. 

@uartzite lenses and bands are occasionally found in the shales in this area, 
but they are nowhere seen to exceed a few inches in width and a few feet in 
length. One would expect that, if such a guartz schist zone did exist where the 
shear zone is present, the guartz schist bands would continue in the direction 
of the strike of the rocks in the area beyond the point where the shear zone 
is sharply terminated by the east-west shear zone. No such guartz schist horizon. 
however, could be seen at this spot. 
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The east-west shear zone, as described in a previous section, contains duartz 
schist fragments in more or less the same proportion as the north-south zone. 
This shear zone, however, trends perpendicular to the strike of the rocks, and 
could, therefore, not have formed along a dguartz schist horizon. 

At the contact of the shales with the white guartaites (see Plate 1), the rocks 
have been sheared to a limited degree. All transitions from the unaltered shale 
to sheared shale are present. In thin section this hardened rock is slightly 
coarser in texture than the shale. Further, deformation produced a relatively 
fine-grained guartz schist with well-developed shear cleavage, uitimately grading 
into a erush breccia closely resembling the breccia of the main shear zones. 
The contact breccia consists of angular fragments of guartz schist and occasional 
isolated remnants of unaltered shale in a dark grey fine-grained groundmass. 
In thin section a remarkable similarity exists between the recrystallised aguartz 
schist fragments in this breccia and the brecciated rocks of the main shear zones. 

It seems probable that, before the major shearing of the rocks was 
aAccomplished, a set of zones of weakness was developed in the area along which 
highly silicious solutions were able to penetrate and silicify the shales, schistose 
fragments of which are now abundant in the breccias. 

The later shearing was concentrated along these zones of weakness, and 
brecciation of the duartz schist was effected. 'The presence of the angular 
fragments of duartz schist in the breccias supports the view that the silification 
took place prior to the brecciation, as the shales would have been totally pulverised 
under these conditions of shearing stress. 'The duartzitic remnants, however, 
may be the product of the brecciation of small auartzite bands which may have 
been present in the shales. 


B. PETROGRAPHY 


The rocks of the crush zone consist of angular fragments of duartz schist, 
vein guartz and shales, as well as occasional duartzite remnants in an exceedingly 
fine dark grey to black groundmass. The angular nature of the rock particles 
in the fine matrix indicates beyond doubt that it represents a product of exstensive 
brecciation, crushing and fracturing. 

The matrix of the rock consists of exceedingly fine-grained dark clay material, 
which in places is replaced almost wholly by sericite. Sericitisation and 
pyrophyllitisation of the duartz schist fragments and also marked features, and 
locally pure pyrophyllite rocks are found, although usually as small lenses. 

In the southern part of the area, yellowish-brown to colourless shales, 
intercalated with more gritty varieties, occur in close association with the crushed 
rocks. In thin section these shales are seen to consist almost entirely of 
sub-parallel sericite scales. Minute guartz grains and accessory amounts of 
hydrous iron compounds are occasionally present. Occasional detrital crystals 
of tourmaline, zircon and epidote are present in the coarser intercalated variety 
of the shale. Muscovite and biotite are rather common constituents of the rocks. 

The shales of the area are in genera] very fine-grained with a well-developed 
shear cleavage. They generally consist of duartz grains and minute flakes of 
micaceous material, probably sericite, and occasional small cubes of limonite 
pseudomorphs after pyrite. 'The preferred orientation of the mineral constituents 
endows the rock with a distinct parallel structure. 
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Partial recrystallisation and secondary silification may account for the local 
hardening of the rock along shear zones. 'The finer grained shales were observed 
to pass imperceptibly into gritty varieties. 

Grits displaying well-developed perpendicular jointing have been encountered 
body, and the second in the south-eastern part of the area. Although no feldspar 

Various methods of deducing the probable nature of the chemical changes 
grains can be recognised under the microscope, there is reason to believe that 
these gritty rocks were originally feldspathic, since patches consisting entirely 
of sericite and kaolin are present in the thin section. Iron ore is an important 
constituent of the rock. 


The Pyrophyllite Bodies 


Four pyrophyllite bodies are present in the area, the location of which has 
already been described. 

The pyrophyllite rock is remarkly soft and soapy to the touch. 'The colour 
varies from white, greenish, yellowish-grey to brownish-red. lIn two of the 
outcrops the rock is very fine grained, and the original shear cleavage is well 
preserved, while in the two remaining outcrops this fine variety is present together 
with a coarser rock, Which contains numerous greenish specks, as well as large 
radiating cerystals of an almost colourless mineral. 

A microscopic examination of the soft fine rock by A. M. J. de Swardt proved 
it to consist almost entirely of a mineral with refractive indices .— 1.560 (4 0.0038) 
and y— 1.595 (4 (0.008) and 2V.— 57”. 'The elongation proved to be positive 
and the mineral exhibited straight extinction. 'These properties indicated the 
mineral to be pyrophyllite. Pyrophyllite occurs in these rocks both as fine 
aggregates or as large, usually radiating crystals. Occasional rutile, titanite, 
ilmenite and duartz are present in the fine variety of the pyrophyllite rock. 
The ilmenite is in places partly altered to leucoxene. 

Extremely irregular and patchy as well as euhedral crystals of andalusite 
With 2V.— 84” and mean refractive index 1.640 (0.003) and low birefringence 
are abundant. Single crystals often consist of numerous highly irregular patches 
in optical continuity in a matrix of pyrophyllite. The pyrophyllite clearly 
replaces the andalusite along the two well-developed prismatic cleavages 
orientated at 89” to one another. (See Plate II, pm. 4) 

Needles, radiating crystals and elongated plates of cyanite were found to 
be present. 'The negative birefringence is about 0.013 and the axial angle large 
(2Va.— 81”). The eztinction angle on (010) is about 7, while refractive index 
proved to be about 1.792. 'The cyanite, which in some instances appears to have 
formed at the expense of andalusite (see Plate II, pm. 4) has also been replaced 
by pyrophyllite along the prominent prismatic cleavages and basal parting. 
(See Plate II, pm. 8.) 

In the coërser varieties of the pyrophyllite rock, diaspore may also be a 
prominent constituent in addition to already described minerals. The birefringence 
is positive and the axial angle large (2Vy— 4 80”), while the refractive indices 
are a—1.108 (4 0.003) and v— 1.748 (4 0.003). In plane polarised light the 
diaspore resembles andalusite in habit, but may easily be distinguished by its 
higher birefringence. 'This mineral is also clearly replaced by pyrophyllite along 
the prominent (010) cleavages. (See Plate II, pm. 1 and 2) ' 
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PLATE II 


Ottrelite (O) replacing Andalusite (A), Cyanite ,(C), Pyrophyllite (P), and 
Diaspore (D). (Ordinary light, X. 85) 
Diaspore (D) replaced by Oyanite (C) and Pyrophyllite (P). (Ordinary 
light, 50) 
Pyrophyllite (P) replacing Cyanite (C) and Andalusite (A). (Ordinary 
iEetdp AE R) 
Euhedral crystals of Andalusite (A) replaced by Pyrophyllite (P) and 
Cyanite (C). (Ordinary light, X 17.) 
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Radiating and interlocking aggregates as well as individual crystals of bluish- 
green ottrelite are encountered in the thin sections of the coarser varieties of the 
rocks. The ottrelite usually occurs in typically homogeneous clusters free from 
other minerals. Simple twinning is almost invariably exhibited by individual 
crystals, which have well developed prisms and pyramidal faces. 'The crystals 
are usually tabular, ranging in dimensions up to 4 by 40. 'The ottrelite is clearly 
later than the aluminous minerals. (See Plate II, pm. 1) 

Along the border of the most westerly outcrop, a reddish-brown pyrophyllite 
rock which contains about 50 per cent. of ferruginous material is present. 

Vein-like aggregates of a colourless to yellowish mineral showing anomalous 
very low interference tints and sector twinning, were determined by A. M. J. 
de Swardt to be analcite. 


C. CHEMISTRY OF THE PYROPHYLLITE ROCKS 


In a study of the pyrophyllite deposits of Waaihoek, it is significant that 
the changes in chemical composition of the original shale are intimately related 
to the metamorphism to which the rocks in the area were subjected. 'There 
appears to be reason to believe that the shales of Waaihoek in the immediate 
neighbourhood of the pyrophyllite, vary considerably in chemical composition. 
An average analysis based on four analyses of typical Malmesbury shale was, 


TABLE 1. 
a b C d e 

SiO; 60-31 60-70 63-96 60-60 66-70 
AO 18-90 97-91 30-53 99.31 98-30 
Fe, 1-94 9.41 0-00 2.50 E 
FeO 5-47 0:50 0-35 n.d 
MeO 2.44 0-17 0-14 n.d. 
CaO 1-35 od 0-34 n.d. 
Na,0 9:87 0-74 n.d 
K,O 3.39 1-98 n.d. 
TA), 0-67 0-36 0-41 
Mno 0-10 0-00 n.d 
BO. 0-90 0-14 s n.d 
H,O (-H) 3.59 5-99 4-97 n.d 
OS) 0-11 0-49 n.d 

Total | 100-00 | 99-85 100-29 | 100-00 


——e 


(a) Average of four typical Malmesbury shales. 

(b) Soapy shale from Waaihoek. Analyst: F. Bellstedt. 

(e)  Pyrophyllite rock from Waaihoek. Analyst: F. Bellstedt. 

(d) Partial analysis of Waaihoek shale relatively unaffected by alteration. Analyst. 
@. T. Potgieter. 

(e) Theoretical composition of pyrophyllite. 
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therefore, utilised for the purpose of comparison with the object of deducing, if 
possible, the nature of the chemical alteration which the rocks of the Waaihoek 
area have undergone. lt is significant that an analysis of typical Waaihoek 
shale indicates that its composition is intermediate between that of average 
Malmesbury shale on the one hand and that of the pyrophyllite rock on 
the other. 

Various methods of deducting the probable nature of the chemical changes 
may be employed, but as these methods are based on different assumptions, they 
do not give identical results, nor do the results admit of a common interpretation. 
The three principal methods utilised for the purpose are based on: (1) The 
constancy of alumina or silica, (2) the constancy of the oxide exhibiting maximum 
enrichment in the final product, (38) the ratio which the constituent oxides in 
the altered rock bear to the same oxides in the fresh rock. 

These methods, which appear to have been originally developed by P. Niggli, 
M. Geschwind, E. Tréger and G. Grosser (8), have been applied in the present 
investigation in order to deduce the ESE trend of chemical changes in the 
rocks under consideration. 


(1) Differentiation Diagram Method of P. Niggli 


To apply this method, the values of al, fm, € and alk for the fresh and 
altered rocks are plotted on vertical lines with si as abscissa and the points 
indicating the same constituents in the various rocks are joined by straight 
lines; the inclination of each line to the horizontal then indicates gain or loss 
for that constituent. A few values must, however, be introduced in order to 
study the behaviour, not only of the composite units fm and alk, but also of 
their individual components Fe, Na and K separately. 'The new values to be 
introduced in the diagram are: K-— kalk, Na — (l-k)alk, M&—mgfm and 
Fe — (i-mgfm. From Fig. 2 the variation in composition of the rock-types 
under consideration is clearly illustrated. 


TABLE 2 
MOLECULAR VALUES USED IN NIGGLI METHOD 


Average Shale Waaihoek Shale Pyrophyllite 


sie MA Ao 295.9 340.6 
al 40.7 80.7 15.5 
fm yd 19.0 2.6 
c 5.5 0.0 1.9 
alk 16.1 jis 0.0 
K 8.0 41 0.0 
Na 8.7 3.9 0.0 
ME 14.0 je 1.0 


6 DId 


O) ' (@) (5) 
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Expressed proportionally, the gradation of constituents according to changes 
in chemical composition may be conveniently tabulated as follows: 


Alteration Rel. Enrichment ' Rel. Constant Rel. Loss 

Av. Shale W. Shale Al, Si — K, Ca, Na, Fe, Mg 
Av. Shale Pyrophyllite Al, Si sd Ga, K, Na, Me, He 
W. Shale Pyrophyllite Al, Si, Ca, Meg Na, K, Fe 


The notable increase in the amount of alumina and less conspicuous gain 
in silica in proceeding from average shale through Waaihoek shale to pyrophyllite 
is apparent at a glance. 'The values of all other constituents are seen to 
decrease in varying proportions. Relative to the other oxides, magnesia and 
lime show certain jinconsistancies, the values of both these oxides being 
characterised by a very rapid decrease after which the latter remains constant 
whereas the former exhibits a slight increase. 


(2) The Method of Niggli and M. Geschwind 


A different method of calculation of the relative losses of rock components 
was used by P. Niggli and M. Geschwind. In this method the constituent which 
Shows maximum apparent enrichment in the altered product is assumed to 
have remained constant, thereby providing a basis for the calculation of the 
comparative losses of all other components. 'The choice of the index oxide is 
restricted to one of the seven main components: SiO,, ALO,, Fe,O, (all iron 
calculated as Fe,O,), MeO, CaO, Na.O and K,O since all other components are 
either present in insignificant amounts or are susceptible to concentration from 
extraneous sources, thereby constituting a likely source of error. 

The main advantage of this method is that a seguence is established for the 
loss of the various oxides which are not affected even if the selected index oxide 
has itself actually suffered some loss. In this method the proportion of apparent 
increase of the component showing maximum enrichment is first attained and 
the values of the other components correspondingly reduced. 'The difference 
petween the values in the original unaltered rock and the reduced values, gives 
the absolute loss, and this, when compared with the original values in the 
unaltered rock, gives the percentage loss. 'The various components when 
arranged according to their percentage losses, yield a gradation series which 
can be well illustrated in a loss diagram. 'The units on the ordinate represent 
the percentage losses of the various constituents and are plotted against a 
constant on the abscissa of 100 ordinate units. A seguence of radiating lines 
obtained by connecting the units on the ordinate with the origin of the graph 
yields a gradation series in which the mutual inclinations of the relevant 
diagonals give an angular measure of their absolute losses. 'Table (3) gives 
the absolute and percentage loss-values for the shales and Dyrophyllite rock 
under consideration, while Fig. (3) illustrates the values in the loss diagram. 
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The seguences for the loss of the various oxides are found to be: 


(1) Average shale to Waaihoek shale: 
A1,0,, SIO.. Fe.@,, K.O, Na.0, Ca@. 


(2) Average shale to Waaihoek pyrophyllite: 
A1L,O,, SiO,, CaO, MO, Fe,O,, K,O, Na,0. 


(3) Waaihoek shale to Waaihoek pyrophyllite: 
CaO, ALO,, SiO,, MO, Fe,0O,, K,O, Na,0. 


In the latter case CaO could not be taken as basis, as no CaO is present 
in the Waaihoek shale, a fact which also accounts for the very large apparent 
increase in lime. 


(3) E. Tréger's Modification of the Niggli—Geschwind Method 


E. Trêéger calculated the absolute and percentage loss by the same method 
as P. Niggli and M. Geschwind, but uses the Niggli molecular values. In 
addition to the changes in si, al, fm, €, alk and those in K.,O and Na.O, m and f, 
he also calculates the absolute and percentage loss in me (the sum of the 
metallic constituents .. . al, fm, €, alk .. . Which in the unaltered rock is 100), 
and plots the percentage loss of the individual components as ordinates against 
the percentage loss of me as abscissa. On these lines a gradation series in 
terms of percentage loss is obtained which corresponds to the particular type 
of chemical alteration. 

The results obtained by the application oi this method were found to be 
identical with those of the Niggli—Geschwind method, and are given in Table (4). 


(4) Grosser's Method 


In this method the weight percentage (a”) of a particular oxide in the 
altered rock is divided by the weight percentage (a) of that oxide in the 
unaltered rock, and the duotient (a'/a) is called the gradation number. These 
numbers, when calculated for all the oxides, for the total alkalies and. for total 
iron, and arranged in serial order, give the gradation series. This gradation 
series simply gives, without making any assumptions, the direction of and the 
approximate change suffered by each oxide during alteration. The gradation 
numbers are plotted to scale on a straight line and each point is marked by 
3a small vertical line with the name of the oxide which it represents. This gives 
the gradatio1 diagram. The marks between 1 and 0 indicate the losses and 
those beyond 1 show the gains. The point 1 represents the unaltered condition 
of a rock constituent. In Table (5) the gradation numbers of the various 
constituents in the shales and pyrophyllite are given, while the gradation 
diagram is given in Fig. 4. 
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The series obtained are as follows: 


(1) HO: Ai: Fed. Si: Ki Ak NG Eed ME (ER 
(2) Al: HO. Si: Ca: We“. Me: me AI Had Na 
(3) Ca; Al; Si; HO; Me; Fe”; Fe, K; Alk; Fe”; Na. 
(1) Waaihoek shale/Average shale. 
(2) Waaihoek pyrophyllite/Average shale. 
(3) Waaihoek pyrophyllite/Waaihoek shale. 
The gradation series obtained by this method are seen to correspond closely 


to those obtained by the Niegli diferentiation diagrams method and the 
Niggli—Geschwind method. 


General Results Obtained from the Chemical Study 


By comparing the results obtained by the different methods of calculation 
which are based on completely different assumptions, the following conmclusions 
may be drawn: 


(a) The gradation series in the alteration of the average shale to the 
Waaihoek shale obtained by the Niggli, Niggli—Geschwind and Grosser 
methods respectively are: 


(D Al, Si, K, Ca, Na, Fe, Meg. 
(2) Al, Si, Fe, F, Na, Me, Ca. 
(3) HO. Al, Fe Si K. Fe `Aik Na. Kedl Me @a 


These results show a fairly close agreement. 'The general gradation 
series derived from those above seems to be: 


H.O, Al, Si, K, Na, Fe, Mg, Ca. 


(b) The gradation series obtained from the different methods for the 
alteration of the Waaihoek shale to the Waaihoek pyrophyllite are 
respectively: 

(D) Al, Si, Ca, Mg, Na, K, Fe. 
(2) Ca, Al, Si, Mg, Fe, K, Na. 
(38) Ca, Al, Si, HO, Me, Fe, K, Na. 


By a combination of these results, the following gradation series 
is deduced: 
Ca, Al, Si HO, MeO, Fe, K, Na. 
(ce) The alteration of the average shale to the Waaihoek pyrophyllite yielded 
the following series respectively: 


(D Al, Si, Ca, K, Na, Mg, Fe, 
(9 Al, Si, Ca, Me, Fe, K, Na. 
(3) Al, H,O, Si, Ca, Me, Fe, K, Na. 
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The gradation series for this alteration seems to be: 
Al, HO. Si Ca, MP, He K. Na, 


If it is assumed that the Waaihoek shale is an intermediate stage in the 
alteration, the seduence of alteration from the average Malmesbury shale to the 
Waaihoek pyrophyllite rock may thus be summarised as follows: silica remained 
more or less constant throughout the whole alteration process, except for perhaps 
a very small increase in the last stages of the alteration. A considerable relative 
increase of alumina was effected throughout the process of transformation. 
Water increased rapidly in the first stage, but a slight decrease is observed in 
the last stage, the net alteration, however, being an increase. 'Total iron 
decreased throughout the process of replacement. Ferric oxide, however, 
increased in the first stages, probably due to the oxidation oi the ferrous 
iron, but was also leached in the latter stages of the alteration. Magnesia on 
the other hand was leached very rapidly in the first stage, but remained more 
or less constant in the last stages. A reduction in alkali content is apparent 
throughout the whole alteration process, seemingly more rapid in the latter 
stages. Lime exhibited an apparently abnormal behaviour. It was thoroughly 
and rapidly leached during the earlier stages of the process of replacement, 
thereafter displaying rapid concentration. 'The net change, however, shows a 
slight decrease in the lime content. ITt seems, however, that the sample of 
Waaihoek shale which was analysed is not truly representative of the intermediate 
stage in the process of alteration, and that the peculiar behaviour of the lime 
may be ascribed to this assumption. 


In conclusion the changes may be summarised as follows: 


, (1) An increase in alumina content is very obvious. 
(9) Silica seems to remain relatively constant throughout the process. 


(3) Decrease was effected in the content of magnesia, iron, potash and 
soda to greater or less extent. 


Mineralogical Interpretation of the Chemical Analyses 
of the Waaihoek Rocks 


From the theoretical composition of pyrophyllite [Table 1 (e) 1] a fair 
agreement is observed between the chemical composition of pure pyrophyllite 
and the pyrophyllite rock. [Table 1 (c) 1 if the slight excess of alumina, iron 
Oxides, lime and magnesia is disregarded. No minerals indicative of these 
elements were observed in sections of the particular rock analysed. In this 
respect, however, the presence of minute crystals of ottrelite in the other 
pyrophyllite rocks is significant. 

The analysis of the Waaihoek shale shows an exceptionally high percentage 
of alumina when compared with the normal Malmesbury shale. In calculating 
the probable mineralogical composition of this rock all the alkalies were allotted 
. to muscovite and paragonite and the residual ALO, to pyrophyllite, while the 
accessories were calculated in the usual manner, aid the following values 
were obtained: 
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Pyrophyllite .. .. .., 68.04% Water N. EE ME WAS, 
Muscovite AN Ed 149 Tipienite OER 
Parafonite N 97e Vivianite aa Os DEI 
@usEAA N 6e Enstatite . .. .. 040% 
Hematite EA LE 


Tt is obvious that the percentage of pyrophyllite exceeds that of the combined 
micas more than three times. In the petrographic description of the shales, the 
presence of sericite in the shales was emphasised. In this connection 
A. M. J. de Swardt (5) states: “Owing to the fact that the sericite and 
pyrophyllite, especially when existing as fine aggregates, exhibit the same type 
and almost the same intensity of interference colours, it is impossible to 
Gistinguish the minerals in thin section. Both minerals are furthermore 
characterised by nearly identical refractive indices, while sericite as well as 
pyrophyllite is optically positive and exhibits straight extinction. Only 
exceedingly small fragments of the aggregate could be obtained, which precludes 
an accurate determination of the optical properties of the constituent minerals. 
It is therefore possible that the shale may contain a considerable amount of 
Dyrophyllite, though the figure indicated in the norm is probably too high.” 

The silica content of the pyrophyllite rock analysed is remarkably low, while 
the alumina is slightly higher than the theoretical value. 

Owing to the finely crystalline condition of the rock microscopical integration 
was not possible. 'The mineralogical composition calculated from the chemical 
analysis returned the following values: pyrophyllite 41.7%, andalusite 28.3%, 
diaspore 20.4% and ottrelite 9.6%. 


D. COMPARISON OF 'THE WAAIHOEK PYROPHYLLITE DEPOSITS 
WITH THOSE OF NEWFOUNDLAND AND NORTH CAROLINA 


For purposes of comparison, the chemical changes of the pyrophyllite 
deposits of Conception Bay, Newfoundland, and of North Carolina, U.SA, 
described by A. F. Buddington (3, p. 180) and J. L. Stuckey (17, p. 449) 
respectively, have been analysed according to the Grosser method. 'The results 
are diagrammatically represented in Fig. (4). 'The analyses and gradation 
numbers of the Conception Bay and North Carolina deposits are given together 
with those of Waaihoek in Table (5). 


TABLE s. 


Symbol - | Constituent Ga) (b) (b/a) (c) (c/a) (c/b) (5) (8) (g/f 
Si SiO, | 60-31 60-70 1- 004 63-96 1:059 1-054 76-24 73-80 O-961 
A1 A1.@, 18-20 2742] 1-495 30-53 1-677 1-191 13-94 19-32 1-386 
Fe ”” | EFe,O, 1-94 2-41 1:943 0-00 0-000 0-000 0-89 0-91 1-099 
Fe” FeO 5-47 0-50 0-091 0-35 0064 0-700 0-18 0-04 0- 308 
Fe Fe,O 8-39 9.97 O0-357 0-39 0 -047 O0-131 1-04 0-96 0-993 
Mg || MaO 2-44 0-17 0: 070 0-14 0-057 0-84 0-27 0-04 O0-148 
(65) CaO 1:35 0-00 0- 000 0-34 0-259 — 1:07 0-31 0 -290 
Na |  Na,0 A-a7 0-74 O0-3812 0-00 0-000 0-000 2-55 0-45 O0-177 
K K,O 3-39 1-28 0-386 0-00 0000 0000 4.95 2-94 0-594 
Alk | AIE,O 5-69 2-02 0-355 0-00 0-000 0: 000 7:50 3-39 
H,O H,.@ AA 5:92 1-681 4.97 1-412 0-840 0-18 9-99 | 16-22 
Other Constituents @: 97 0:50 — 0-00 — — s— 

| otal | 100-00 99-85 — 100-29 — — 100-22 | 100-23 — 

Symbol Constituent (h) | (h/f (h/g) () (j) Gj/) (k) (k/i) (k/j) 
Si SIOL | 65-04 O-853 0 -887 79-16 68-40 0-948 64-68 0 -896 O0-945 
A1 A1,0O; | 99-49 2-114 1-596 9-00 23-80 2- 640 98-34 3-150 1-191 
Fe” N Ee.@s || — EE — 9-47 —— — 
Fe” | Fe ll — dl — 3:30 — — 
He | Fe, 0-28 O0-953 O0-154 6-14 0-38 0 - 062 0-60 O0-098 1-579 
Mg | : MgEO 0-04 O0-148 1- 000 3-03 0-16 0-530 EE! 0-000 0000 
Ca. IT EO 0-10 0 -093 0-393 0-43 0-51 1-186 0-79 1-674 1-411 
Na Na,0 0-33 0-199 0 -833 3-69 0-07 O0-019 0-38 O0-103 5-430 
K K,O 0-33 0 -067 O0-112 0-24 1-48 6-167 0-01 O0-A417 0 - 007 
Alk Alk,O 0-66 — — 3.93 1-55 — 0-39 —— —— 
H,O HO 4.87 | 27-05 1-667 4-08 4.96 1-215 5.54 | 1-136 1-117 
Other Constituents Vo — — — 1-85 (S) AE Es 

| | | N 
| Total &. 100-48 — — 100-25 99.76 — 100-297 — — 
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TABLE 
GRADATION NUMBERS ACCORDING TO GROSSER'S METHOD. 


(a) Average of four analyses of typical Malmesbury shale. 

(b) Waaihoek shale. Analyst: F. Bellstedt. 

(c) Waaihoek pyrophyllite. Analyst: F. Bellstedt. 

() Unaltered dark-grey flow rhyolite from Conception Bay (228Dlc). Analyst: A. F. Buddington. 
( 


g) Average of two analyses of pyrophyllitised rhyolite from Conception Bay (228F3 and 22Y2E2j—Analyst : 
A. F. Buddington. 


(h) Pyrophyllite from Conception Bay (222E2f). Analyst: A. F. Buddington. 

(3) Tuff, more or less silicified, Union Mine, North Carolina. Analyst: A. S. Wheeler. 

(j) Silicified tuff, partially pyrophyllitised, from North Carolina. Analyst: J. L. Stuckey. 
(k) Pyrophyllite, Womble Mine, North Carolina. Analyst: |J. L. Stuckey. 
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The first stage of the alteration in the different occurrences may be 
tabulated as follows: 


Alteration Rel. Gains Rel. Constant Rel. Loss 


(1) Average Shale—Waai- 

boek Shale H.O, Al Si K, Fe, Na, Mpe, Ga 
(2) Unaltered Rhyolite— 

Pyrophyllitised Rhyo- 

te We EL ad H.O, Al Si, Fe K, Ca, Na, Meg 
(3) Silicified Tuf—PYro- 

phyllitised Silicified 

Ti EP IM AS ER KRALE G Ca, Si Fe, Mg, Na 


The last stage of the alteration may be tabulated as follows: 


Alteration Rel. Gains Rel. Constant Rel. Loss 
(1) Waaihoek Shale— 
Waaihoek Pyrophyllite Ca Al Si HO Me Rek N 
(2) Pyrophyllitised Rhyo- 
lite—Pyrophyllite H.,O;, Al Mg, Si, Na Ca, Fe, K 
(3) Pyrophyllitised Silici- 
fied 'Tuff—Pyrophyllite Na, Fe, Ca AN HO. SE Mg, K 


The complete alteration from the original rock to the end product may 
be summarised as follows: 


Alteration Rel. Gains Rel. Constant Rel. Loss 
(1) Average Shale—Pyro- 
phyliten da ME Al HO Si Ca, Meg, Fe, K, Na 
(2) Unaltered Rhyolite— 
Pyrophyllite .. EO AI Si Fe, Mg, Na, Ca, K 
(3) Silicified Tuff—Pyro- 
bhyllite Al, Ca, HO SI K, Na, Fe, Meg 


The behaviour of the individual components of the rocks from the different 
localities may be summarised as follows from Fig. (4) and the above tables: 

Tt is evident that the pyrophyllite of the foreign occurrences was formed 
from highly silicified tuffs and rhyolite with silica percentages up to 75, while 
the Waaihoek pyrophyllite was formed from a shale of normal composition. It 
will be observed that the end product of these different alterations does not 
vary more than 1.1% in silica content. Obviously no close agreement between 
the Waaihoek rocks and those of the foreign occurrences can therefore be 
expected in the behaviour of the silica content. Where the silica in the 
Waaihoek rocks remained more or less constant during the alteration except 
for a slight increase in the latter stage, there appears to be a slight but regular 
decrease in the silica content throughout the alteration in both the foreign 
deposits. 
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A considerable increase in the alumina content is noted in each of the 
three alterations, although the increase in the foreign deposits is more 
pronounced. 

By the oxidation of the ferrous oxide to ferric iron in the first stage of 
the alteration, the Conception Bay rocks, like those of Waaihoek, show an 
increase in ferric iron, but a decrease in total iron. A decrease in the amount 
of total iron is noted in all the deposits throughout the alteration, excepting 
a small increase during the last stages in the North Carolina deposits. 

From the duoted analyses, the magnesia in each of the three instances 
appears to have undergone a rapid reduction in the first stage of the alteration, 
thereafter remaining fairly constant in the Waaihoek and Conception Bay 
deposits. In the North Carolina deposit, however, a further slight decrease is 
noted in the final stage of the alteration. 

Where the lime content of the rocks of Conception Bay shows a regular 
decrease throughout the alteration process, the rocks of the deposits of North 
Carolina show a regular increase in the lime, whereas the Waaihoek rocks 
display both these characteristics. The lime content of all these rocks is, 
however, low and insignificant. 

The alkali content of the rocks is subject to considerable variation. In the 
Waaihoek deposits a regular decrease is noted, soda being leached more rapidly 
than potash. 'The ultimate product contains no alkalies. 'The soda content of 
the Conception Bay deposit shows a rapid decrease in the first stage, with 
only a slight decrease in the last stage, while potash, on the other hand, exhibits 
only a slight decrease in the first part and a rapid decrease in the last part 
of the alteration process. A strange behaviour in the alkali content is 
encountered in the North Carolina deposits. While soda is rapidly leached in 
the first stage of the alteration process the potash content exhibits a considerable 
increase. In the latter stage a thorough leaching of the potash and a rapid 
increase in the soda are noted. 

With regard to the water content, the deposits of Conception Bay exhibit a 
rapid increase especially in the early stages of the alteration process. A slight 
but regular increase is epcountered in the deposits of North Carolina. While 
a considerable increase in the water content of the Waaihoek deposits is noted 
in the early stages, a slight decrease is noted in the last stage, probably owing 
to the formation of andalusite and cyanite. 

It is evident that, while the alkalies were leached from the rocks of the 
different deposits, they were replaced by the hydroxyl radical in all but the last 
stage in the formation of the Waaihoek deposits. 

In short, the alumina and water content of the rocks representing various 
stages in the process of alteration in the different occurrences, displays a rapid 
increase, silica displays a rapid decrease or is constant; iron, magnesia and the 
alkalies are characterised by a gradual but general decrease, while the lime 
content of the rocks under consideration appears to be low and irregular. 

It has been shown that the original structures of the shales are well 
preserved in the fine pyrophyllite. Furthermore, the pyrophyllite has not 
developed a porosity suggestive of a marked decrease in volume during the 
alteration. It therefore seems reasonable to assume that no great change of 
volume had been effected during the alteration, as such a change in volume 
would either obscure the original sedimentary structures, or develop a porosity 
in the pyrophyllite. 
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If it be assumed that the chemical composition of the original and unaltered 
rock corresponded with that of the average Malmesbury shale, and the 
intermediate stage be represented by the Waaihoek shale, the ultimate 
pyrophyllite rock should display a considerable decrease in volume if the 
enrichment of the alumina was accomplished by the simple leaching of 
constituents other than alumina. 

The following method was applied in calculating the decrease in volume 
per cent. that should accompany such an alteration: 

The relative volume per unit weight of the average shale was calculated 
by the summation of the values obtained by dividing the weight percentage 
of each constituent oxide by the molecular weight of that constituent. 'The 
alumina is assumed to have remained constant during the alteration. 'The 
weight percentage of the constituent oxides of the altered rock was then 
reduced according to the method of Niggeli and Geschwind, and the values 
obtained were deducted from the values recorded in the original average shale 
analysis in order to obtain an idea of the absolute weight percentage losses. 
From the values the absolute loss of volume per unit weight was calculated. 
The amount of volumetric change involved during the transformation could 
then easily be calculated. [See Table (6).1 

By this method it was determined that a 30% decrease in volume should 
accompany the transformation of the average Malmesbury shale into the 
Waaihoek shale, while in the alteration from the average shale to the pyrophyllite 
rock a loss of 36.7% is involved. A loss of 11.5% was calculated in the alteration 
from the Waaihoek shale to the pyrophyllite rock. 


The Alumina Enrichment 


A volume loss of 36.7% in the alteration from the original shale to the 
pyrophyllite rock without destroying the original structures and without 
developing a porosity in the pyrophyllite rock, seems to be highly improbable. It 
must therefore be assumed either that alumina had been added while the other 
constituents were removed to counterbalance the decrease in volume, or that 
the shale from which the pyrophyllite was derived possessed a higher alumina 
content than the average Malmesbury shale. 

Of all the abundant constituents of rocks, alumina is generally considered 
to be the least susceptible to migration under conditions of leaching by vadose 
waters, although some believe that it may be transferred through the agency 
of hydrothermal solutions. 

In discussing the enrichment in alumina of the rhyolites of Conception 
Bay, A. F. Buddington (3, p. 148) argues as follows: “In order that the original 
rock may be so altered as to give the mineral analyses shown by the transitional 
rocks, it is necessary that metasomatic replacement of both the duartz and 
the feldspars should have proceeded synchronously and at a much faster rate 
with respect to the dguartz than with respect to the feldspars. This process 
would involve the introduction of large amounts of alumina, the gradual 
replacement of the alkalies by hydroxyl at a more rapid rate in the case of 
the soda than the potash, and the solution of portions of both the silica 
existing in combination with other elements in the rock and that present as 
free duartz.” 
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J. L. Stuckey (17, p. 458) records “the introduction of certain elements and 
the removal of others”, in his investigation of pyrophyllite deposits of North 
Carolina, thereby suggesting the actual introduction of alumina. 

The analyses of rocks from Silverton district, Colorado, lead Ransome 
(13, p. 217) to conclude that the most reasonable assumption indicated addition 
of alumina during the hydrothermal alteration of latite. 

A. Knopf (13, p. 218) is of opinion that a considerable increase in the 
alumina content oecurred during the albitisation of amphibolite owing to the fact 
that no appreciable volumetric changes are involved in the transformation. 

After studying the hydrothermal alteration of igneous rocks G. M. Schwartz 
(18, p. 218) stated that “alumina has long been considered the most stable 
oxide in rock alteration, and particularly in weathering it is often assumed for 
purposes of comparison that it remained constant. 'The same assumption has 
sometimes been made in considering hydrothermally altered rocks, but this has 
largely been discarded as unsafe. A review of the unduestionable losses of 
alumina during rock alteration justifies the discarding of this practice.” Excellent 
examples of actual losses of alumina were described by Finlayson, Spurr, 
Ransome, Lindgren, Burbark, as well as Butler and van der Wilt (13). 

Schwartz (13, p. 219) concluded that “it may be stated that many igneous 
rocks show little change in the alumina content during hydrothermal 
alteration”. 

Since the composition of aluminous sediments is known to vary between 
wider limits than that of igneous rocks, great care should be exercised in 
postulating the introduction of alumina in the case of rocks enriched in that 
constituent. 

A specimen of the shale just north of the east-west trending major shear 
zone, along the strike of the shales in which the pyrophyllite occurs, was 
subjected to a partial guantitative ajalysis. [Table 1 (d).] From the partial 
analysis it will be observed that the alumina content of the Malmesbury shale 
in the immediate vicinity of the pyrophyllite deposits practically coincides with 
the mean value obtained from the Waaihoek shale and the average Malmesbury 
shale. Owing to the fact that the rock is characterised by a fairly well 
developed shear cleavage, and the specimen selected for analysis was located 
only 20 feet from the main shear zone which appears to have provided a 
suitable channel for ceirculating solutions, changes in composition cannot be 
ignored. The difference in the ALO, value returned by the partial analysis 
and the average analysis of Malmesbury shale cannot, however, be definitely 
attributed to the activity of solutions, since lateral variation in the composition 
of the Malmesbury shales is not uncommon, and it is possible that both factors 
should be taken into account. 'The writer, however, is of opinion that greater 
emphasis should be laid on the activity of circulating solutions. 


E. ORIGIN OF THE PYROPHYLLITE ROCK 


The pyrophyllite rocks of Waaihoek probably originated during or 
immediately after the intrusion of the Western Province granites. 

'The field, microscopical and chemical evidezce suggest that the bodies were 
formed through metasomatic replacement and alteration of the shales of the 
area. 'The available evidence that the deposits were formed by the action of 
hydrothermal solutions is as follows: 
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(1) Gradational contacts exist between the pure pyrophyllite and the 
unaltered country rock. 


(2) The structures of the original shale, such as the shear cleavage and 
lineation, have been preserved in the fine-grained pyrophyllite rock. 


(3) Isolated masses of unaltered or partially altered country rock are 
apparently completely enveloped by massive pyrophyllite. 


(4) The finely crystalline character of the pyrophyllite formed #from 
uncrushed shale is suggestive of replacement. 


(5) Radiating crystal aggregates of pyrophyllite occur along joints and 
fissures of the crushed rock. 


A. M. J. de Swardt (5) reasoned that “the resistant curving crush-duartzite 
Zone protected the phyllites on its concave side. In tFis localised zone of deficient 
stress, solutions were probably active, removing Fe,O,, Ca0O, MO, Na,0, K,O 
as well as certain amounts of SiO,. At a certain stage in the leaching process 
the rock attained a composition in which ALO;, was largely in excess of the 
amount that could be combined with alkalies to form micas and pyrophyllite 
was the only mineral that could exist under the prevailing conditions. Further 
removal yielded a rock of almost pure pyrophyllite composition, while a still 
more advanced stage is revealed by the diaspore-andalusite-ottrelite-pyrophyllite 
rocks in which large amounts of silica have been removed while ALO, and 
TiO, were correspondingly concentrated. It is significant that this product of 
maximum leaching occurs within the pure pyrophyllite rocks, which suggests 
that they represent a more advanced stage of alteration. 

“Leaching probably progressed far before new minerals were formed. This 
is indicated by the fact that diaspore in the most intensely leached rocks is 
earlier than pyrophyllite, a relationship which can hardly be expected if leaching 
and pyrophyllite formation occurred simultaneously. 'The period of leaching 
was probably followed by progressively intenser metamorphism as the regional 
metamorphism of the Malmesbury rocks became more effective, and the high 
temperature and deficient stress created a condition akin to that existing under 
thermal metamorphism. A little later pyrophyllite began to form in all the 
rocks with a high alumina content, as is indicated by the presence of that 
mineral right through this zone. lIntenser regional deformation later led to 
the disruption of the duartzite horizon, and an extensive crush breccia resulted 
in which fragments of the pure pyrophyllite rock were also included. 'The 
brecciation of the pyrophyllite rock may account for the abundance of this 
mineral in the crush-rock which may contain up to 50% of that mineral” (5). 

It has already been pointed out in a previous section that no duartzite or 
duartz schist appears to have existed where the crush zone is present. The 
feebly developed shear cleavage of the shales in the vicinity of the pyrophyllite 
deposits has also been accounted for in a previous section, and casts doubt 
on the existence of a resistant barrier horizon of aguartzite postulated by 
A. M. J. de Swardt. 

It has been proved experimentally by Le Chatelier (1887) that pyrophyllite 
loses its water in two stages when heated, namely at 700* C. and 850“ C. 'This 
suggests that pyrophyllitisation probably takes place at temperatures below 


700” C. 
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A. F. Buddington (3) concluded that “pyrophyllite is a mineral which may 
form under conditions varying from the high temperatures of dynamic 
metamorphism to the near surface temperatures and pressures of solfataric 
agencies”. 

J. L. Stuckey (17) believes that “the pyrophyllite deposits of the Deep River 
region were formed under conditions of 'intermediate temperature and 
pressure”. 'The temperature of formation of pinite was studied by many 
investigators. Some difference of opinion exists as to the temperature at 
which pinite forms. 

J. L. Stuckey made a comparative dehydration test of pyrophyllite and 
sericite and found that “sericite lost its water much faster than pyrophyllite 
at lower temperatures and at 150” C. was practically dehydrated, while the 
pyrophyllite still held about 1% water”. Ë 

In conclusion Buddington states that “either there is a difference of opinion 
as to the conditions at which pinite forms, or it is stable under widely variant 
temperatures and pressures. It is probable, however, that it demands higher 
temperatures and pressures than exist at the surface as conditions for its most 
favorable development, and such is doubtless the case with respect to the 
pinite of Conception Bay.” 

A. F. Buddington (3) made a chemical study of alternative formation of 
sericite and pyrophyllite. “A possible eguation (1) representing the formation 
of sericite from orthoclase is duoted from Clarke (1911), and a similar possible 
eduation (9) representing the formation of pyrophyllite from orthoclase is 
given below: 


(D 6KAISLO, 4 2H,O — 2KHALSiO,. 4 2K,SiO, -- 10Si0, 


(orthoclase) (sericite) 
(9) G6KAISiO., SEHO — G6HAISiO, -A- 3K,SiO, - 3Si0, 
i (orthoclase) (pyrophyllite) 


From these eguations three factors are suggested as the possible elements 
infiuencing the alternative development of sericite and pyrophyllite: 

(1) The effectiveness of hydrolysis. 

(9) The mass action of the excess silica in solution. 

(3) The mass action effect of excess potash in solution. 


'The dominance of the first two factors would be conducive to the formation 
of pyrophyllite and the dominance of the third factor would be favourable to 
the production of sericite. 'This may be illustrated more graphically without, 
however, implying anything as to the actual mode of operation, by writing the 
eguation for the formation of pyrophyllite from sericite as a balanced reaction: 


9KH,AISiO,, -4- TSiO, 4 HO — G6HAISLO, 4 K,SiO, 
(sericite) (pyrophyllite) 


If now the guantity of silica is present in the solution in large enough 
excess and the effectiveness of hydrolysis is relatively stronger, the reaction 
wil] produce pyrophyllite: 
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SKH,ALSLO, -- TSIO, 4 HO — 6HAISIO, 4 K EO, 
(sericite) (pyrophyllite) 


while if K,SiO, or potash in some other form is present in large enough dguantity 
the alternative reaction will take place azd sericite will be produced: 


GHAISiO, 4 K.SiO., — 9KHALSiO,  TSiO, 4 H,O.” 
(pyrophyllite) (sericite) 


According to A. Harker andalusite is a typical anti-stress metamorphic 
mineral and it is stable at widely varying conditions of temperature and 
pressure. With low grade metamorphism andalusite forms readily from kaolin, 
bauxite or gibbsite deposits. Andalusite is stable in conditions of medium grades 
of metamorphism, but loses its stability at high temperatures and pressures. 

It is thus obvious that andalusite a2d pyrophyllite are minerals that form 
and are stable under approximately the same conditions of temperature and 
pressure. 

According to A. Harker (7) andalusite forms readily from kaolin according 
to the following chemical reaction: 


HALSLO, — ALSIO, 4 SiO, 4 2H,0 
(kaolin) (andalusite) 


For the conversion of kaolin to pyrophyllite the following reaction is 
Suggested: 


HAT SOMS EE EDHASKON HEG 
(kaolin) (pyrophyllite) 


By combining | the eduations the following reversible reactioz1 between 
pyrophyllite and andalusite is deduced: 


2HAIS1O, — asi0O,  ANSIO HE 
(pyrophyllite) (andalusite) 


From the above eguation it appears that the formation of pyrophyllite will 
be favoured by hydrolysis and, the mass action of the silica in solution, but 
if silica is deficient in aluminous sediments, the formation of andalusite will be 
favoured, a relation which may explain the replacement of andalusite by 
pyrophyllite. 

Andalusite with a specific gravity of 3.16 is readily altered to the denser 
stress-mineral cyanite with a density of 3.56 when subjected to high temperature 
and pressure. 

When andalusite is subjected to thermal metamorphism which is followed 
by regional metamorphism, it is converted to aggregates of small cyanite needles 
together with white mica. The cyanite is, however, with further regional 
metamorphism converted to white mica and thus only has a temporary status 
in regional metamorphism. 
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“Chioritoid is produced only in rocks Which, With an abundance of alumina 
and a sufficiency of iron oxide, are relatively poor 'n magnesia, lime and potash. 
In a sediment of this kind the mineral forms very readily and persists through 
a wide range of temperatures” (7, p. 218-214). 

When iron ore, usually magnetite, is present with kaolin the metamorphism 
of the kaolin will not yield andalusite, but the stress-minera; chloritoid: 


4H,ALSiO, -- FEO, — SH,FeAl,SiO, -A 3810, 4 HO - O 
(kaolin) (chloritoid) 


If the supply of iron oxide is insufficient to convert the available aluminium 
silicate to chloritoid, the chloritoid will react with the aluminium silicate in the 
form of andalusite, to produce cordierite with a variable FeO:: MEO ratio. 

Tt seems rather unlikely that chloritoid and andalusite could be developed 
simultaneously. 

A. Harker (7, D. 225) points out that in sediments which in a lower grade 
of metamorphism carry chloritoid, the formation of staurolite rather than 
cyanite will be favoured: 


SBALSIO; - 4H,FeAl,SiO, — 2HFe,Al,Si,O.,, 4 SiO, -- 3H.,0 
(cyanite) (chloritoid) (staurolite) 


Chloritoid and cyanite could thus not occur together under normal conditions 
of metamorphism. Staurolite, however, is not very stable and readily gives 
rise to the more stable stress-minerals cyanite and almandine: 


6Staurolite 4 11@uartz — 23Cyanite -- 4Almandine - 3H,O 


Diaspore is a mineral which is apparently rarely formed under metamorphic 
conditions. 'The dehydration of aluminium hydrates such as bauxite usually 
gives rise to corundum. Often, however, there is some admixture of #flaky 
diaspore either from incomplete dehydration or subseguent alteration of the 
corundum. It seems possible that if the dehydration took place only in a 
moderate degree, or if the hydration of corundum advanced far, diaspore will be 
the dominant mineral. In this connection A. Harker (7, p. 351) states that 
“among the minerals of metamorphism which are liable to spontaneous 
alteration may be mentioned corundum, which changes rather readily by 
hydration to diaspore”. 

From the petrograpnic description of the minerals associated with the 
Waaihoek pyrophyllite, it is evident that no cordierite, staurolite or almandine 
garnet were formed during the metamorphic processes. It has been previously 
indicated that chloritoid was the last mineral to form, and that it grew at the 
expense of the pyrophyllite, andalusite and cyanite. It therefore follows that 
during the process of formation of the aluminous minerals, iron oxides either 
were not present in adeguate amounts, or were rapidly and thoroughly leached 
from the bodies. Otherwise they would have reacted with the aluminous 
silicates to form cordierite, staurolite or almandine. 


() 


256 


Owing to the fact that very little is as yet known about the metamorphic 
history of the rock of the Malmesbury series, it is difficult to account for the 
mode of formation of the high temperature aluminous minerals cyanite, 
andalusite and diaspore in the area under consideration. 

Pyrophyllite and ottrelite are, however, as has been previously indicated, of 
later age than these thermal metamorphic minerals. Conditions which favoured 
the formation of pyrophyllite were locally created in the shear zones after the 
formation of the above-mentioned thermal metamorphic minerals, thus 
accounting for the limited extent of the replacement and the existence of rocks 
consisting almost entirely of andalusite, cyanite, diaspore and andalusite. 

It seems probable that leaching of the alkalies was effected at the time of 
the formation of the pyrophyllite, yielding alkaline solutions which were 
responsible for the local replacement of the highly aluminous material by 
micaceous products, such as sericite and pagodite, which originated more or 
less simultaneously with the pyrophyllite. In addition lenses and fragments 
of shale included in the major shear zone appear to have been altered to 
pyrophyllite and sericite, thus producing a product which is similar in appearance 
to a rock formed by the disruption of pyrophyllite bodies. 

The termination of the metamorphic cycle was followed by the widespread 
introduction of iron oxides into the rocks of the area under consideration 
During a much later period of deformation, probably the Cape orogenic cycle, 
the pre-Cape rocks were subjected to low grade regional metamorphism. 
Shearing stresses again operated along the pre-existing zones of weakness and 
the pyrophyllite bodies were sheared and fractured to a limited extent, while 
infiltrated iron oxides reacted with the aluminous minerals to produce the 
stress-mineral ottrelite. It seems as if this process was governed principally 
by pressure and that temperature played only a subordinate part. In this 
connection it is noteworthy that pressure and not temperature is regarded as 
the principal metamorphic agent responsible for the formation of chloritoid 
and ottrelite in the rocks of the Swiss Alps (17). 

From the economic aspect the pyrophyllite rocks of Waaihoek are relatively . 
pure and may be suitable for ceramic purposes. In this locality, however, the 
duantity of pyrophyllite available does not appear to exceed 10,000 tons. 


HI. THE MARIBOGO DEPOSITS 


It is generally believed that pyrophyllite rock is present in the Vryburg— 
Mafeking area (6). The rock described occurs in the form of a nearly vertical 
vein four feet in width in the granite along the railway line two and a guarter 
miles south of Maribogo station. 

In a regional survey of that area, A. L. du Toit (6) noticed the abundant 
presence of hornblende schist xenoliths in the granite, particularly at the spot 
where the “pyrophyllite” rock was believed to occur. He points out that these 
hornblende schist inclusions, in an advanced stage of alteration, pass into a dark 
somewhat schistose talcose rock containing a good deal of unaltered augite. 

The locality under consideration was visited by the writer. 'The rock 
believed to consist of pyrophyllite occurs in a cutting along and 01 the western 
side of the railway. A similar but smaller outcrop of the same material was 
found about 100 yards further southwards along the railway line, on the same 
side of the line as the first occurrence. 
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The area is almost totally covered with soil, and the only places where 
outerops of rocks can be seen are in the cuttings along the railway line and 
in the bed of a small stream about two hundred yards west of the railway 
line, and trending more or less parallel to it. 

The two outcrops of the “pyrophyllite” rock included in the granite gneiss 
strike at 140” (magnetic north). After some digging had been done in the sides 
of the cutting the dip of the rocks was found to be 67” to the south-east. No 
outerops of this rock could be found on the eastern side of the railway line or 
in the stream-bed mentioned above. 

A suitable sample, previously examined microscopically, was analysed, and 
the results are given in Table 7 (1). Finely disseminated hydrous iron oxides 
and minute crystals'`of magnetite appear to be the principal impurities. For 
this reason the above analysis was recalculated iron-free [Table 7 (g)1. A 
comparison of the analysis 7 (ag) with the analysis of pure talc and pyrophyllite, 
indicates that the composition of the rock as a whole corresponds fairly closely 
with that of talc, but difers markedly from that of pyrophyllite. The relatively 
small amount of alumina may indicate the presence of a small percentage of 
an impurity, probably a mineral of the kaolin group, occurring in close 
association with the talc. 'The chemical composition of the rock thus clearly 
indicates that little if any pyrophyllite is present in the rock. 


EABILE 7. 

I m e n o p g 

Es ME dee sker - sl ad 
SiO, 50-60 66-11 66-70 | 61-65 63-50 | 50-14 57-89 
A1,0; 6-49 | 97-81 98-30 | 0-56 | — 12-00 | '-7-85 

Fe,O; 11-31 0-46 — n.d — 1-31 ss 
FeO 1-41 n.d. — 1-09 — | 10-20 —— 
MgEO 96-74 0-24 -—— ! aisss IE 31:70 10-07 | 80-55 
CaO 0-12 0-91 — 0-34 sl deze 0-13 
TO, 1-14 n.d. — n.d — 1-07 1-30 
H,O 9-50 5-58 5-00 4.61 4-80 | 9-19 9-85 
H,O 0-00 n.d — n.d. — n.d 0-00 
Total ||... | 100-238 10041 100-00 99.78 100-00 97:67 100-00 


1) Talc schist from Marib2zo. Analyst: C. T. Potgieter. 

m) Average of eight analyses of typical pyrophyllite according to Dana. 

e) Theoretical composition of pyrophyllite. 

Average of eleven analyses of typical talc according to Dana. 

Theoretical composition of talc. 

Partial analysis of a hornblende schist xenolith from Maribogo. Analyst: C.T. Potgieter. 
Recalculation of analvsis (1) iron free. 


A partial chemical analysis was conducted on a relatively fresh sample of 
3 hornblende schist xenolith collected in the immediate neighbourhood of the 
tale rock, the results of which appear in Table 7 (p). The low total of this 
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analysis may be attributed largely to the omission of the alkali and manganese 
Oxides. 'The presence of the manganese was detected dualitatively. 


A. L. du Toit indicates that the hornblende schist xenoliths in the granite 
may exhibit considerable petrographic variation, while a zonal variation in 
mineral composition is also a characteristic feature of individual inclusion. 'The 
writer did not attempt to investigate the schists in detail, but a section of the 
hornblende schist which was analysed revealed the following mineral 
constituents: Green hornblende is very abundant and constitutes about 
two-thirds by volume of the rock. (@uartz is present in subordinate amounts 
and is followed by plagioclase which has undergone a limited amount of 
alteration to sericite and kaolin. A flaky mineral, probably sericite, replaces 
duartz to a very limited extent. Augite, forsterite, rutile and titanite are also 
present in small amounts. Under low magnification and in the hand specimen 
a schistose structure is clearly exhibited. 


The talc consists almost entirely of talc crystals which can clearly be 
recognised in the hand specimen. Microscopically the flakes of the talc are 
seen to vary considerably in size. 'They are arranged as sub-parallel blades 
and radiating flaky aggregates. 'The general parallel arrangement of the 
material gives the rock its schistose texture. Only small remnants of augite 
and forsterite are present and it is evident that these minerals had been 
partially or wholly replaced by talc. It is noteworthy that a grain of 
monticellite partially replaced by talc was observed in the thin section 
examined. 'The iron compounds released during the alteration of the original 
rock to talc, are evenly distributed, constituting a ferruginous cementing 
medium. 

According to A. L. du Toit the foliation of the gneiss in the area under 
consideration strikes in a general east-west direction. With the exception of 
the schist inclusions at Setlagoli, the metamorphic rocks strike in the same 
general direction, dipping south at angles of 40” to 60”. Local variations in the 
dip differing from the above values by 20” were observed by the writer. 

The north-west to south-east strike of the talc rock, though difering 
slightly. from the regional trend of the metamorphic rocks, is parallel to that 
of the hornblende schists in its immediate neighbourhood, but the southerly 
dip angle is variable. 

The attitude of the rock-types, as well as the general similarity jn the 
chemical composition, strongly suggests that they are genetically related. 

Microscopically the presence of relics of partly altered forsterite and augite 
also substantiates the view that the tale rock was derived from the hornblende 
schists which contain these two accessory minerals. 

Chemically, as has already been pointed out, these two rocks are remarkably 
similar, the only difference being between the amounts of lime, alumina and 
magnesia. The deficiency of lime and alumina, revealed by the analysis of the 
talc schist, may perhaps be attributed to leaching by hydrothermal solutions 
as is commonly believed to be the case (13). On the other hand, the amounts 
of total iron in these analyses are remarkably similar. 'This indicates that 
during the alteration the iron released irom the ferro-magnesian minerals 
was involved in the formation of crystals of secondary magnetite, while large 
amounts were precipitated between the talc grains as ferric oxide or hydroxide. 
No alteration of the titanite and rutile could be detected under the microscope. 
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This observation is also corroborated by the close agreement of the titania values 
returned by the two relevant analyses. 

Taking into consideration the fact that the hornblende schist inclusions 
are known to be replaced by talc elsewhere in the same district, there can be 
little doubt about the origin of the tale rock near Maribogo. 


IV. THE NAMAOUALAND DEPOSITS 


An occurrence of a mineral which was believed to be impure pyrophyllite, 
was described by A. W. Rogers (9, p. 1380) in 1919. Dr. Rogers found the mineral 
in the immediate neighbourhood of the Rietberg mine, about ten miles rorth 
of O'Okiep in Namadualand, where it occurs as layers and bands about 1 to 3 
inches thick in the gneiss. In personal communication, Dr. Rogers stated that 
he had also observed similar rocks along the road between Steinkopf and 
Anenous. These outcrops occur near Nunusms (Nanams?), which he recalled 
to be a small farm at the foot of a rough road leading down to Anenous. 

The rock is well-known in Namadualand as the “pipe-rock” or “pipestone” 
(Dypklip), from which the Hottentots in that area made tobacco pipes and 
small ornamental articles. 'Towards the middle of the nineteenth century this 
mineral first attracted the attention of Wyley, who sent some of the specimens 
to A. Gages of Dublin. Gages published a paper on this subject in the Journal 
of the Royal Geological Society of Dublin (Vol. 8, 1858-1860, p. 171-172) under 
the title of “Analyses and Observations on some Sedimentary Rocks from the 
Cape of Good Hope having the appearance of Serpentine”. Gages (10, p. 62) 
says: “These rocks may be considered as belonging to that class of compounds 
called by such various names as Agalmatolite or Pagodite, Dysintribite, Parophite, 
etc. but which are in most cases nothing else than indurated clays derived from 
the decomposition of feldspathic or trachytic rocks.” Gages analysed the rock 
giving .eight constituent oxides. The analysis which was obtained from 
Dr. Rogers is given in Table 8 (Tr). 

Of the four names which Gages gave to the rocks, the names Dysintribite 
and Parophite have in the past only been applied to varieties of mica, whereas 
the terms Pagodite and Agalmatolite have been loosely applied to both mica 
and pyrophyllite. 'The writer therefore concludes that Gages believed the rock 
to be a massive aggregate of secondary mica. 

Fifty-four years later A. W. Rogers (9), unaware of Gages' report, described 
the rock as “probably byrophyllite, the massive variety of which is called 
agalmatolite”. It is thus clear that the name agalmatolite had been given to 
this rock by both Gages and Rogers, although they appear to have applied the 
name in different senses. 

The term agalmatolite had been loosely applied during the nineteenth 
century although it had been clearly defined by Nicol. Bell (2) defines the 
following three distinctly different species: 


(i) “True Agalmatolite, which is a massive variety of Pinite. 

(ii) A massive and what has been called an indurated variety of steatite. 
This is a hydrated silicate of magnesia. 

(iii) A massive pyrophyllite, which is a hydrated silicate of alumina; 
difering from true Agalmatolite in containing no silicate of potash 
or other alkali.” 
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Tt would thus seem as if Gages' interpretation of the name is correct. 'The 
writer, however, considers it best to discard the indefinite and loosely 
employed terms agalmatolite and pagodite. 


Two distinct varieties of the Namadualand rock can be recognised: 
A. The Rietberg type, a replacement product of sillimanite schists, and 


B. the Nunuams type, apparently formed by the alteration of granite 
gneiss. 


A. THE RIETBERG TYPE 


This variety of rock seems to be widely distributed throughout Namagualand, 
although it rarely appears to occur in great duantities. 'The type specimens 
of this rock have been found at Rietberg and Uitkyk, the latter being a small 
farm some four miles west of Steinkopf. 

According to A. Rogers a mineral deposit was cut in the top shaft on the 
Rietberg mining lease. Fragments of the mineral are lying scattered in the 
mine dump. C. A. Strauss (16) described an outcrop of the mineral a little 
distance below the mine at Rietberg. Further downhill the mineral has been 
observed at three different spots about 75 yards apart which are more or less 
in a straight line. - 

The mineral deposits occur as small veins, lenticles or bands in the 
guartz-sillimanite schists of the area. These bands may reach a thickness of 
eight inches, but generally do not exceed three inches in width. The bands 
may vary in length from a few inches up to about twelve feet. 

The deposits are massive and homogeneous, and the rock is soft and varies 
in colour from a pale green to a somewhat deeper blue-green. It has a waxy 
lustre and is translucent, the hardness being about 2.5. 

The schist in which the mineral occurs is widely distributed in the area. 'The 
rock varies in colour from colourless to a light brown, and has a well developed 
foliation along which the mineral veins are aligned. 

At Uitkyk the mode of occurrence of the mineral under consideration 
shows a remarkable similarity to that of Rietberg. These mineral deposits occur 
along shear zones, joints and fissures in the auartzites as lenses and bands 
which seldom exceed four inches in thickness. It has a somewhat darker colour 
than that at Rietberg, though in one locality a creamy white to very pale green 
variety was observed. 

The deposits occur in a zone which seems to indicate a zone of weakness in 
the surrounding duartzite rocks, but evidence of large scale shearing is absent. 
The guartzites, though slightly coarser in grain and stained with iron oxides, are 
very similar to those of Rietberg and exhibit shear cleavage planes dipping at 
about 50” to the east. 

Other localities where rocks of this type occur, are at Pypklipoord, a farm 
about 18 miles north-west of Steinkopf, and on the top of a hill just west 
of Anenous. 

In his report Rogers (9) states that “no complete aualitative analysis has 
been made of the rock, but it contains much hydrous silicate of alumina”. In 
personal communication Dr. Rogers informed the writer that “one may believe 
that there was little MgO in the rock, especially as I looked for it carefully in a 
specimen or two from Rietberg and near Anenous dualitatively, and got none”. 
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The purest samples of this rock from Rietberg were subjected to a 
dguantitative analysis by the author. From the analysis given in Table 8 (s) it 
is evident that the rock is a hydrous silicate of alumina and potash, with a 
small guantity of impurities. 'This rock is thus, according to Nicol and Bells 
definition, a true agalmatolite or pinite. 

In the hand specimen, the sillimanite duartz schist seems to consist almost 
entirely of guartz, and resembles a duartzite to a large extent. Microscopical 
investigation, however, revealed the fact that this rock consists chiefly of 
duartz and sillimanite. 'The sillimanite is more or less concentrated in certain 
bands which rarely exceed a few inches in thickness. 'These bands are, however, 
not distinctly defined and sillimanite is present in minor amounts throughout 
the whole rock. Minute colourless idiomorphic needles of sillimanite are 
abundant in the dguartz grains. Muscovite, orthoclase, cordierite, magnetite and 
Zircon are present in subordinate amounts in the country rock. 'The feldspars 
are usually partially altered to sericite and kaolin. 

The sillimanite in the rock is clearly replaced along cracks, fissures and 
crystal boundaries by sericite. 'The duartz grains are invaded in various 
directions and replaced by sericite. Muscovite, too, although the alteration is 
much slower, is transformed into fine-grained aggregate of sericite. 

The feldspars and cordierite appear to be especially susceptible to replacement 
by sericite. 'The only minerals preserved in the almost pure pinite rock are 
rutile, magnetite and zircon, which only occur in subordinate amounts. 

Inclusions of partly altered sillimanite rock are sometimes present in the 
almost pure pinite rock. 

The pinite is very fine-grained. 'The sericite crystals are generally present 
in laths, but radiating crystal aggregates are often visible. 

It is interesting to note that, while partly altered sillimanite rock is 
enveloped by pinite, no sillimanite relics are present in the partly replaced 
duartzite which envelops the pinite rock. 


Origin of the Pinite 


It seems logical to assume that the original rock from which the pinite 
was formed approximated in mineral composition to a guartz-sericite schist in 
which the constituent minerals were concentrated in definite layers. 

The sedimentary rocks appear to have been subjected to high grade thermal 
metamorphism, probably during the intrusion of the granite gneiss of the 
area. At this stage the sericite in the duartz-sericite schist may have been 
converted to orthoclase. 

According to A. Harker, sericite loses two-thirds of its alumina in the form 
of andalusite during its conversion to orthoclase. At high temperatures, however, 
sillimanite is formed instead of andalusite. 

Although no shear zones or fractures could be detected positively where 
the pinite is present, it is possible that these rocks were subjected to some 
shearing stress which produced zones of weakness. As sillimanite is unstable 
at ordinary temperature and pressure and under conditions of shearing 
stress, reaction may have commenced between the sillimanite and orthoclase to 
produce the pinite rock. Percolating solutions may have played a part in the 
sericitisation of the sillimanite and orthoclase, and in the replacement of 
duartz grains. 
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TABLE 8. 
EE VR ME TE Es N N AE N NN EE EE EE N 
is s iE u m e V w 
SiO, 58-115 | 48.36 | 46-30 | 46-46 | 66-11 | 66-70 | 44-83 | 45-9 
AL,O; 96-109 | 36-21 | 36-18 | 35-96 | 27-81 | 98-30 | 36-69 | 38-50 
Fe,O; 8-593 1-10 1-10 3-81 0-46 EE — 
FeO ee 0-21 0-28 ef n.d. i 1-02 s 
MO 0-248 0-44 0-27 0-55 Ee oe. 0-21 s 
Ca0 0-959 | 1-04 0-60 | 0-76 | 0-2 4 ds DE 
Na,O |  0-345 | 0-44 0-64 | 0-62 n.d. di 1-19 si 
K,O 3.665 7-48 | 10-00 6-57 n.d. mm EE Eie. 
TO; de 0-10 | 0-24 | 0-18 n.d — N me — 
H,O 9.673 4.56 4-40 4.39 5.58 | 5-00 5-19 | 4-5 
H,O — 0-18] o0-00'|. 05e | nd.) AE 
Total .. | 100-000 | 100-12 | 100-01 | 99-89 | 100-41 | 100-00 | 99-91 | 100-00 
| 


(T) Analysis of rock resembling serpentine from Namagualand. Analyst: A. Gages. 
(s) Analysis of Rietberg Pinite. Analyst: C. T. Potgieter. 
) Analysis of Pinite from Nunuams. Analyst: C.T. Potgieter. 
(u) Analysis of Pinite from du Toits Kloof. Analyst: C. T. Potgieter. 
(m) Average of eight analyses of typical Pyrophyllite according to Dana. 
(e) Theoretical composition of Pyrophyllite. 
(v) Average of eight analyses of typical sericite according to Dana. 
(w) Theoretical composition of Sericite. 


B. THE NUNUAMS 'TYPE 


This type of “pipe-rock” is much less abundant than the Rietberg type 
and the only locality where it was observed is at Nunuams,”) about twelve 
miles east of Steinkopf. 'This rock, however, is locally much more abundant 
than the Rietberg type. 

The spot where the “pipe-rock” occurs is about two miles of the main road 
along a rough field track. 'The rock, when pure, is homogeneous, fine-grained 
and soft (H 2.6). 'The green colour is considerably darker than at Rietberg 
and Uitkyk, and the rock is not as soapy to the touch as the Waaihoek 
pyrophyllite. 'The “pipe-rock” at this locality is wholly an alteration product 
of a small granite gneiss intrusion, the visible dimensions of which at outcrop 
are about nine by ten yards. 

A small duarry some four jeet deep indicated that the granite gneiss at 
the surface and at the boundaries is only partly altered, while at a depth of 
three feet the rock is completely replaced. Remnants of large crystals of feldspar 


*) Nunuams seems to be the farm which was called “Nanams” by Dr. Rogers. A 
farm by the name of “Nanams” is not known to the inhabitants of the area. 
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and mica can clearly be distinguished in the partly altered rock. Small grains 
of kaolin are abundantly present in some specimens, but others seem to be 
kaolin-free. 


A dguantitative analysis of the purest material available returned the results 
given in Table 8 (t). It will be observed that analyses (s) and (t), Table 8, are 
chemically very similar. As in the previous case its deduced mineralogical 
Composition appears to correspond closely with that of pinite. 


Though no fresh specimens of the granite gneiss from this spot could be 
found, the microscopic investigation of the partly altered rock strongly suggests 
that the original rock was a normal coarse- to medium-grained granite with 
a fairly large amount of feldspar, mostly microcline and subordinate untwinned 
albite. Microcline crystals with dimensions up to one inch by half an inch may 
be seen in the hand specimen. Microscopically the feldspar is fairly extensively 
altered to pinite yielding a very fine-grained scaly pinitic aggregate. The 
replacement generally occurs haphazardly, but in some instances a fairly general 
direction, obligue to the cleavage traces and twinning lamellae of the 
microcline, is followed. Tn a few cases replacement of the host along the 
cleavage traces was observed. 


@uartz appears to have been extensively replaced by sericite and relics of 
this mineral may occasionally be seen in thin section. 'This extensive 
replacement of stable primary dguartz and the absence of secondary silica in the 
rock suggests that mobile alkaline solutions must have been active during the 
process of sericitisation. 

Of the original constituent minerals of the granite, muscovite appears to 
be the least susceptible to replacement, the pinitisation commencing about the 
borders of crystals. 

Apart from minute radiating crystals of sericite the completely pinitised 
rock only contains minute amounts of zircon, titanite and secondary kaolin. In 
close association with the kaolin minute crystals of chloritoid, partly replaced 
by sericite, are visible. Veins of essentially similar but lighter coloured 
aggregates of sericite are observed to traverse the main outcrop of massive 
pinite. 

This occurrence of pinite in Namadgualand justifies Gages' conclusion (10) 
that it was formed by “the decomposition of feldspathic or trachytic rocks”. 
From the analysis [8 (rm) ] it appears that the material which was analysed by 
A. Gages must have been some or other impure variety of “pipe-rock” holding 
large amounts of free duartz as well as ferruginous matter. 

A remarkable similarity to the Nunuams pinite is exhibited by the pinitised 
granites in the Wellington and Jonkershoek areas. For comparative purposes 
samples of pinitised granite of the Western Province were investigated. 

The pinite in these localities appears along sheared and brecciated zones 
of the granite which is rarely completely pinitised, and many remnants of 
feldspar and other minerals can be recognised in the hand specimen. The 
fresh unaltered granite in these areas consists principally of alkali feldspars 
which are mainly microcline-perthite and minor amounts of plagioclase varying 
in composition from albite to oligoclase. G@uartz is very abundant. Biotite as 
well as small amounts of hornblende and secondary muscovite is present. 

In shear zones within the granite or along or immediately below the 
unconformable Table Mountain sandstone contact, the rock is ofte seen to 
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be partially altered to pinite. Plagioclase and alkali feldspar appear to be the 
most susceptible minerals to alteration along directions obligue to the twin 
lamellae and cleavage traces, in a manner analogous to that of Nunuams. 
@uartz is replaced along cracks and crystal borders and the replacement appears 
to be irregular. Muscovite is reduced to a finer aggregate while biotite is 
crushed and altered to iron ore and chlorite. Small rounded crystals of zircon 
and secondary titanite closely associated with iron ore are normally accessory 
constituents. No secondary duartz could be detected. 

An adeduate duantity of relatively pure pinite for analysis was carefully 
removed from a hand specimen of pinitised granite from Drakenstein, 
Wellington. Microscopically this green pinite was seen to consist almost entirely 
of fine-grained aggregates of sericite with sporadic duartz fragments, but no 
other mineral impurities could be detected even under the highest magnification. 

The values returned by the dguantitative analysis are given in Table 8 (u). 
This analysis proves the aggregate to be pinite which chemically closely resembles 
the pipe-rock of Nunuams. 

In the case of the Nunuams pinite deposits, no shear zone or other 
structural weakness could be detected. In the Drakenstein and Jonkershoek 
areas, however, the pinite is present in zones in which the granite had been 
sheared to a notable extent. It is clear that in these two cases the alteration 
was brought about by the action of percolating solutions. 

The shear zones provided channels along which the solutions migrated and 
altered the crushed and porous rock. 'The replacement of the feldspars by 
pinite only involves the addition of potash and the removal of silica, but for 
the replacement of duartz, alumina is also necessary. 'The last-named constituent 
may have been released by the decomposition of the feldspar. Any excess of 
silica must have been removed in solution as previously assumed owing to the 
absence of secondary silica in the thin sections examined by the writer. 

The close similarity in mineralogical and chemical composition of the parent 
rocks and pinite from Nunuams and the Western Province respectively, as well 
as the presence of the typical stress-mineral chloritoid in the Nunuams pinite 
and of ottrelite in rocks of favourable composition in the immediate vicinity 
of the T.M.S. contact, is indicative of a similar mode of origin of the pinite 


in analogous environments in these two localities. 
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ABSTRACT 


The local geology of the Upper Dwyka Shales and the phosphorite 
coneretions have been fully described. Petrographic studies of the 
phosphate lenses and nodular masses indicate that the phosphorites 
consist mainly of tri-calcum phosphate or calcium fluoro-phosphate in 
the amorphous form collophanite. 

The probable conditions under which the Upper Dwyka Shales 
containing the phosphorite lenses and nodules were deposited have been 
reconstructed, and the author is inclined to believe that these deposits 
were laid down in the comparatively shallow waters of an estuary or 
an extensive low-lying #flood-plain, where anaerobic bacterial action 
predominated in the chemical precipitation of tri-calcium phosphate. 
The close relationship of the phosphorites with the glaciated floor upon 
which the tillite rests unconformably, is remarkable, and suggests that 
this stratigraphical break had an important bearing on the accumulation 
and deposition of the primary Dwyka phosphorites. It seems logical to 
assume that during periods of continental erosion, the sea waters were 
enriched both in phosphoric acid and fluorine, the latter probably 
effecting the deposition and preservation of the former. 

Finally it may be stated that the phosphorites of the Upper Shales 
are unfortunately of little economic importance because exploitation of 
the raw materials would probably have to be restricted to outcrops, while 
the production of satisfactory fertilisers would nmecessitate the removal 
of such elements as iron, aluminium and fiuorine present in the 
phosphorites, rendering the phosphate insoluble in water or organic 
acids and hence inaccessible to plants. 


CONTENTS 


Page 
1. INTRODUCTION $: as Sy PT oi ET 268 
II STRUCTURE AND PHYSIOGRAPHY  .. $ - 268 
IIL THE STRATIGRAPHY OF THE ARBA .. EE Ha 270 
IV. 'The PHOSPHORITE OCCURRENCES IN THE 
UPPER DWYKA SHALES .. F n 4 ss 274 


V. BIBLIOGRAPHY sr sy E ss ”. EE 285 


268 


I. INTRODUCTION 


The area around Laingsburg was geologically mapped during the winter 
season of 1945, the object being to determine the mode of occurrence of the 
phosphate lenses and concretions in the Upper Dwyka Shales as well as to 
investigate the chemistry and to ascertain the probable mode of origin of the 
phosphorites. 

The results of earlier investigations conducted along the same lines by 
private enterprise were unfortunately not available to the writer. 'Transportation 
difficulties during the war furthermore hampered the investigation, with the 
result that only a relatively small part of the Upper Dwyka Shale outcrop 
could be satisfactorily studied. In this respect the writer is fully aware of his 
short-comings and the necessity of further extensive work over wide areas. 


IN. STRUCTURE AND PHYSIOGRAPHY 


The area represented on the accompanying map comprises nearly 150 sduare 
miles of the country near Laingsburg, lying west of longitude 21” 0' and south 
of latitude 33* 10. 'The mountain ranges to the south of this region are built 
of hard resistant duartzites and sandstones of the 'Table Mountain and 
Witteberg Series which partook in the Cape Foldings during the Mesozoic 
times. 'To the north the folding dies out, the landscape being a region of 
plateaux and plains carved out of gently inclined beds (9, p. 7). In the area 
under consideration, however, the folding is still the dominant structural 
feature of the country, its pronounced east-west “grain” being due to steeply 
inclined strata striking from east to west. Low ridges built of Bcca Sandstone 
and Dwyka 'Tillite can be followed for miles in an E.-W. direction, and are 
traversed by the rivers draining the area. 

Folding has produced small anticlinal and synclinal flexures which are 
mainly restricted to the weaker members of the succession, that is, the Upper 
Dwyka Shales. In several instances the fiexures pass into overfolds in which 
both limbs generally dip south, the northern ends of the folds often displaying 
evidence of thrust-faulting. 

The fault just north of the Wittebergen, and affecting the Lower Dwyka 
Shales—Witteberg succession, is probably a dip-slip fault (see geological map). 
The exact amount of displacement as a result of faulting is very difficult to 
estimate, but in most cases it was guaged to be from tens of feet up to a few 
hundred feet in the case of the larger displacements. 

The rocks of the area form part of a conformable succession from the 
Witteberg to the Bcca Series; only the Dwyka Series is wholly represented, and 
neither the base of the Witteberg Sandstones nor the top of the Ecca Series 
is included on the map. Recent surface deposits cover large areas of the 
country to small depths, but they are not represented on the map except in 
the case of the alluvial stretches along the preseat river valleys. These deposits 
were formed at different heights, two or three river terraces being identifiable 
along the Buffels River, which is also the main drainage system of the area. 
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High level gravels, lying at 400 feet and more above the bed of the Buffels 
River, are present as remnants of an earlier extensive plain through which 
the Buffels River and its tributaries have incised their present courses. 

In the beds of the larger streams, for example Buffels, Geelbek, Witteberg 
and also the Dwyka Rivers, a light grey calcareous deposit with shaly and 
sandy, sometimes gravelly inclusions has been observed, resting on solid rock 
of the formations represented in the area. 'The deposit bears a remarkable 
resemblance to concrete and its presence beneath the #fluvial deposits of 
muds, sands and gravels constituting the river terraces, reveals its recent age 
of deposition. It was probably laid down. during times when rivers were less 
active, and the fact that it is eroded at present indicates a rejuvenation of 
stream activities, probably caused by regional uplift of the southern part of 
the African continent. 

The area is drained by the Buffels River and its tributaries — the Soutkloof. 
Baviaanskrans, Paardefontein, Witteberg and Geelbek Rivers. 'The Buffels River 
has its catchment area in the Komsberg north of Laingsburg and drains an 
area of “about 1,800 sauare miles north of the Klein Zwartberg” (9, p. 10). It 
traverses the low ridges built by Ecca Sandstones obliguely to the strike of 
the rocks and passes through the Wittebergen by narrow poorts. 

The tributaries of the Buffels are subseguent streams following the strike 
of the weaker rocks, excepting the Geelbek River which cuts transversely across 
the formations, following the joint systems in a remarkable manner. 


III. THE STRATIGRAPHY OF THE AREA 
THE WITTEBERG SERIES 


The Witteberg duartzites, shales and Tflagstones were not thoroughly 
investigated, and hence will not be discussed in detail in this paper. It need 
be said, however, that the anticline of Witteberg rocks just to the north of 
the Wittebergen was carved down to a common level and formed part of the 
inclined surface upon which was deposited the material constituting the 
High Level Gravels. 'The greater part of the anticline has, however, been 
exposed by subseguent erosion. 


THE LOWER DWYKA SHALES 


The Lower Dwyka Shales which follow upon the Witteberg Series 
conformably, extend along the base of the ranges built by the sandstones and 
dguartzites of the latter series. For the most part the shales are covered with 
detrital material derived from the Witteberg as well as the 'Tillite, but in the 
river gorges good sections are to be seen, and except in one case where thrust- 
faulting resulted in the partial disappearance of the series, they can be traced 
duite easily. The beds are composed mainly of greenish and bluish micaceous 
shales, but sandstones, often cross-bedded and coarse-grained, and lenses of 
carbonate of lime, are also represented. As the shales are far less resistant to 
weathering than the auartzites and sandstones of the Witteberg below, and the 
overlying boulder beds of the Dwyka, they usually occupy the intervening 
valleys carved out by subsedguent streams. 
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The base of the Lower Dwyka Shales is placed above the topmost sandstone 
layer of the Witteberg Series, a cross-bedded horizon which may sometimes be 
conglomeratic and the inclusions of which consist of white guartzitic pebbles 
ranging up to three inches in diameter. 'This bed appears at about 100 feet 
above the thick white duartzite of the Witteberg Series, which was formerly 
taken as the boundary of the Witteberg—Dwyka succession. (This rearrangement 
of the divisional horizon was introduced by P. J. Rossouw of the Geological 
Survey.”)) The series passes with conformable transition into the Dwyka Tillite 
above, but, as stated by Rogers (9, p. 15), the shales may sometimes pass upwards 
into the 'Tillite “owing to the lamination planes becoming indistinct and particles 
of grit appearing in the mudstone”. Generally the transition is completed within 
three or four inches with no narrowly defined plane separating the two rocks. 

Fronds and plant stems, probably Phyllotheca, as well as a few phosphatic 
lenticles have been found in the Lower Shales. 


THE DWYKA 'TILLITE 


The most striking feature of the Dwyka succession is the rock now commonly 
known as the 'Tillite. Its glacial origin was only established at a late date. 
Barlier investigators thought the rock to be of igneous or volcanic origin, and 
the names “claystone-porphyry” and “trap conglomerate” were adopted by 
Bain and Wyley respectively to ' designate the Dwyka boulder beds (2). In 
1868, however, Sutherland for the first time referred the deposit to glacial 
action, and termed the rock a Boulder-Clay of Permian age. About the same 
time Stow observed evidences of glacial action in Grigualand West, but he 
mistook the deposit for Pleistocene. In 1872 Dunn applied the name 
Glacial Conglomerate to the northern rock, while the southern outcrops were 
still designated 'Trap or Dwyka Conglomerate, which was thought to be an 
intrusive breccia. By reason of the unsatisfactory designation implied by the 
Dwyka Conglomerate, Penck suggested the name 'Tillite which is at present 
in COMMON Use. 


General Features 


The rocks comprising the 'Tillite are typically blue or bluish-green in colour, 
medium- to coarse-grained and very massive, composed of various rock particles 
set in a finely-ground matrix. Tnclusions oi pebbles and boulders of different 
pre-Dwyka formations are very common, the majority of which can be traced 
as being transported by ice from northerly localities (4, p. 289). Such inclusions 
as conglomerates, guartzites, sandstones, shales and slates, jaspers and banded 
iron-stones, granites and gneisses, diabasic amygdaloidal lavas, duartz-porphyries, 
etc., are distinctive. 

The included pebbles are usually rounded of with seratched and striated 
surfaces, while facetted pebbles are not uncommon. The smaller fragments, 
however, are angular and fresh, or but slightly decomposed. Great variations 
in size are to be noted, blocks of ten feet in diameter being exceptional and 
rare, while the more common inclusions range from two or three feet up to 
five feet, justifying the well-established glacial origin of these boulder beds. 


*) Personal communication. 
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The pebbles and boulders are generally scattered in the matrix without any 
Orientation, but in a few localities, e.g. on the farms Rondekop, Floriskraal and 
Vischkuil, two or more well defined layers with inclusions of various rock-types 
could be identified. Lenses of duartzitic sandstones are commonly found in 
this horizon, representing local accumulations of coarse-grained sands. 

A rough cleavage has also been developed as a result of the Cape Foldings, 
and more or less parallel to the strike of the 'Tillite, but at varying angles to 
the dip. As a result of this cleavage the 'Tillite weathers into the so-called 
tombstones or lenticular slabs and sharp-pointed spikes. A system of close- 
jointing has been produced by the folding, affecting inclusions and matrix 
alike, while the pebbles are often cut into a series of closely spaced joint 
fractures. Although no definite bedding can be detected in the 'Tillite, sigrs of 
stratification are revealed by weathering of the outcrops. 'The uncertainty 
with regard to the true bedding makes it rather difficult to determine the 
attitude of the rocks, and determinations of thickness are doubtful because of 
the freguent changes of dip in this area. 

It is well known that the Dwyka Tillite was a ground moraine (4, p. 241), the 
product of widespread continental ice-caps, and that in the southern Karroo 
the ice discharged its load of morainic material into fairly deep water. During 
at least two intervals, however, a cessation of the ice-borne debris was brought 
about by a northerly retreat of the ice front. During these intervals 
fiuvio-glacial sands and muds were laid down, and these being far less resistant 
to present-day weathering than the boulder beds, valleysshave been carved out 
of the former parallel to the strike of the steeply inclined beds. In the area 
under consideration three ridges built of the boulder 'Tillite, with two intervening 
valleys, can clearly be observed, corresponding to the five 'Tillite zones of 
du Toit (4, p. 249). 'The interglacial deposits seldom include pebbles, so Common 
in the boulder beds, while impregnations of lime-carbonate forming hard 
brown-weathering lenses or concretions, are often encountered, as well as a few 
small lenticles of phosphate. Nodules of the latter, though very small, have also 
been found, but no internal structure or fossil remains have been noted. 


THE UPPER DWYKA SHALES 


The Upper Dwyka Shales which constitute the top member of the Dwyka 
Series, consist of a great variety of sedimentary deposits including such rocks 
as carbonaceous shales, argillaceous and arenaceous shales and slates, cherts 
and thin sandstones, With occasional intercalations of lenticular bodies of 
dolomitic limestone and phosphate rock. (Great variations with regard to 
texture, colour and composition are observed, especially in the shaly divisions 
of the series. The contact of the Upper Shales with the underlying Tillite is 
generally very distinct, passing conformably from true 'Tillite into shales within 
a few inches. It is well known that the Upper Shales resulted from the 
outwash of glacial material, after the cessation of the frigid conditions which 
produced the Dwyka 'Tillite. The Upper Shales will be discussed in more detail 
in connection with the phosphate deposits. 
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THE ECOA SERIES 


The Bcca Series follows upon the Upper Shales conformably, the boundary 
being taken as the uppermost chert band of the Dwyka Series. 'The rocks of 
the Bcca consist of dark greenish shales, which weather into long slender 
pencils, followed by a thick succession of hard, massive, fine-grained greyish 
Sandstones, weathering to a pinkish colour. 'This succession is repeated, the 
following shaly horizon being similar to the basal argillaceous beds except for 
the appearance of thin intercalations of sandstones and mudstones. Clay pellet 
conglomerates are freguently eicountered, especially at the base of this second 
shaly horizon. Weathering produces splintery and chip-like fragments with a 
pale greenish colour. 'The second arenaceous horizon is coarser in grain and 
not as massive as the lower sandstone layers. A few seams of purplish sandy 
shales or sandstones are to be observed in the synclinal trough extending just 
south of Laingsburg in an east-west direction. 

A system of perpendicular and sub-parallel joints has produced long tabular 
slabs of sandstone some of which reach well over eight feet in length. Exfoliation 
blocks are duite common, the spheroidally weathered outcrops resembling igneous 
rocks. Concretionary bodies of dark grey limestone weathering to a dark brown 
surface, are plentiful in the sandstones, while a few occurrences of limestone 
lenses have been observed in the basal beds of the shales. Near the contact 
with the Upper Shales of the Dwyka Series a few seams of ferruginous mudstones 
are persistent. 

Ripple markings are commonly present in the sandy members of the series, 
and are beautifully exposed in almost every road-cutting, while cross-bedding 
has been observed in the top arenaceous member. Silicified wood, found in the 
sandstones, represents the fossilised remains of Dadoxylon (4, p. 250). 


THE HIGH LEVEL GRAVELS 


Along the northern base of the Wittebergen there are remnants of an 
earlier much greater river erosion surface stretching from Matjiesfontein to 
Prince Albert, and sloping at a low angle from the mountain ranges. 'This 
planed down surface is covered to small depths with sands, gravels and boulders 
from the Witteberg duartzites, the boulders measuring a few feet in diameter 
and only weakly consolidated. Percussion. figures, typical of river gravels, are 
freguently observed on the larger cobbles, while the boulders and gravels alike 
show signs of rounding by water. These deposits were laid down on a gently 
inclined plane made by streams at a period when the drainage systems 
responsible for its formation fiowed at a level about 400 feet above the present 
bed of the Buffels River. At present these boulder-strewn plains occur at 
about 2,600 feet above sea-level. 

According to du Toit (4, p. 416) these high level gravel plains originated 
under sub-aerial erosion, contemporaneously with the pebble-beds south of 
the Cape Ranges, which appear in the coastal region between Caledon and 
Bast London. During that time the land must have stood at a much lower 
level relatively to the sea, enabling the ancient rivers, which were hampered 
to the south by mountain barriers, to cut transverse plains as their channels 
aoproached base level. To produce the stretches of high level gravels from 
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Matjiesfontein eastward, the tributaries of the ancient river systems must have 
been mainly longitudinal, and leading to superimposed transverse major 
channels. 


IV. THE PHOSPHORITE OCCURRENCES IN THE 
UPPER DWYKA SHALES 


The occurrence of phosphatic rocks or phosphorites in the lower portion of 
the Upper Dwyka Shales has long been known and has been investigated 
several times with the view of exploitation possibilities, but because the 
phosphorites occur sporadically as lenses and nodules exploitation seems 
unprofitable. Such undertakings would have to rely on collecting the surficially 
gathered lumps of phosphorite. Jn this paper, however, the author has 
attempted a study of the phosphates with regard to their geologic relations to 
the enclosing rocks, and a probable genesis of these deposits. 


Descriptive Geology of the Upper Dwyka Shales 


The Upper Dwyka Shales which indicated an average thickness of about 
700 feet, may conveniently be subdivided into three horizons: 


(1) Following conformably upon the Dwyka 'Tillite is a band about 540 feet 
thick, of shales, cherts, lenticular bodies of limestone, and concretionary 
phosphate rock. 'The lower half of the succession consists mainly of reddish- 
brown to grey, thinly laminated siliceous shales, with four thin bands of 
grey cherts, intercalated in the shales at about 100 feet above the 'Tillite 
contact. These cherts, individually measuring less than one foot in thickness, 
are hard and massive, and are persistent along the strike of the Upper Shales. 
This lower division displays a reddish colour at ground surface. 

In the upper half of the succession, dark brown to greenish shales make 
their appearance. Lenticular bodies of ferruginous and manganiferous material 
usually encasing phosphatic lenses, and accompanied by lenticles of brown 
limestone, are interstratified with the dark shales which tend to develop a 
bluish-black colour on exposed surfaces. Tn those localities where the 
inclination of the strata as a whole is fairly steep, the individual lenses, being 
more resistant to weathering, stand out in a wall-like fashion within the softer 
shales. Up to eight occurrences of concretionary phosphorites are scattered 
throughout the total succession of the first horizon. 


(2) Above the horizon containing the phosphatic nodules and lenses, there 
tollows a band of dull black `carbonaceous shales, with a total thickness of 
about 130 feet. These shales, weathering to a whitish colour and known as 
the White Band, can be followed all along the outcrop of the Upper Dwyka 
Shales. . Scattered concretions of limestone of a black colour, due to its high 
content of carbonaceous matter, are numerous in the White Band. 'These 
weather to a yellowish-brown colour when exposed, which suggests that iron 
is also present. Small duantities of gypsum have been obtained by digging in 
soveral localities. 

The white weathering of these shales is thought by Rogers to be due to 
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the interaction of the included lime-carbonate and pyrite on the carbonaceous 
matter, in the presence of air and water with the production of gypsum. 

(3) The third subdivision of the Upper Shales is a thin band of grey slates, 
about 33 feet thick with two or more layers of chert. At least two ferruginous 
shales or mudstones are also present. 'The topmost chert member, though only 
two feet thick, is persistently present along the outcrop of the Upper Shales 
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REPRESENTATION OF.A GENERAL SUCCESSION OF THE UPPER DWYKA SHALES. 
(Taken from Top to Bottom.) See Page 274. 
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and serves as the botndary between the Dwyka and the overlying HBcca 
Series. It is composed of dark grey chert with a fairly high content of 
carbonaceous matter and is usually massive; in a few localities, however, a 
banded structure is to be noted. On weathering, the chert changes to a white 
colour on the surface, giving rise to a peculiar white layer which can be 
followed for miles in the veld. 

In the third division of the Upper Shales, worm tracks are beautifully 
preserved in the slates, revealing the fact that deposition took place in the 
shallow regions of a standing body of water. 

The existence of the three horizons exercises a determining influence on 
the topographic expression of the Upper Shales. 'The first group, as pointed 
out above, consists of shales and large lenticular bodies of dark brown 
ferruginous material which is remarkably resistant to erosion. As a result 
it builds comparatively high ridges and “rantjies” which slope downwards to: 
the underlying 'Tillite. 'The resistant slates and cherts of the third division 
are responsible for a second ridge, while the White Band occupies the lov. 
valley between the two. 


Conditions of Deposition 


After the Carboniferous Glaciation which produced the Dwyka 'Tillite 
(essentially a ground moraine except in the extreme south where the morainic 
material was discharged into fairly deep waters), the Carboniferous ocean invaded 
Southern Africa from a westerly direction [4, p. 497]. 'The retreating ice front 
was followed up in a north-easterly direction by a body of fairly deep water 
and within its confines the Upper Dwyka Shales were deposited, consisting 
mainly of fiuvio-glacial outwash and silts, while the hilly terrain to the north 
with its morainic covering was subjected to sub-aerial erosion. 'That denudation 
prevailed for a lengthy period over this northern region, is manifested by the 
unconformable relationship of the Bcca and younger strata with the underlying 
rocks; in the south, however, the succession is conformable. 

The climate doubtless varied from cool and humid to warm and semi-arid; 
in this respect du Toit (4, p. 497) states that the western ice mass gradually 
disappeared, “whereas the Transvaal and Extra-Natal masses vanished later”. 
Although climatic changes were intense during Upper Carboniferous—Lower 
Permian times, it can reasonably be assumed that the climatic conditions during 
the earlier stages of sedimentation of the Upper Shales were rather cool to 
moderate, changing to warm during the deposition of the White Band and 
the succeeding Ecca sediments. 

The dull black carbonaceous shales of the White Band, containing up to 
14% of carbonaceous matter (4, p. 497), were apparently highly sulphuretted 
muds, and were probably deposited under anaerobic conditions in the deeper 
waters of an estuary or an extensive flood plain, a view supported by the 
occurrence of pyrite within the shales and the occasional presence of fish 
(Palaeoniscus), crustacea (Notocaris) and the free-swimming reptile (Mesosaurus) 
(4, p. 247). The carbonaceous shaly band was covered by and preserved under 
a roof of slaty rocks with a few persistent cherty horizons, the topmost chert 
being taken as the upper limit of the Dwyka Series. Worm tracks, beautifully 
preserved in the latter slates, suggest that deposition took place in shallow 
water and perhaps partly sub-aerially. The chert bands appearing at or near 
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the top of the group very much resemble radiolarian cherts, but 02 account 
of the fact that no skeletal structures have yet been recognised (4, D. 246) in 
thin sections, their organic origin seems doubtful. The rock is usually massive 
and is composed of a very fine mosaic of guartz and perhaps chalcedony, with 
scattered carbonaceous matter. Most probably the chert was chemically 
precipitated in a shallow sea. In this connection 'Tarr (11) made the general 
statement that cherty formations “were laid down in a sea which was advancing 
upon a more or less peneplaned area and as a result were receiving the drainage 
irom low-lying lands, a condition favourable to the removal of large amounts 
of silica, which would become a part of the formations being deposited”. 
According to him the silica is transported in the colloidal state, and on reaching 
the sea it is deposited through the action of electrolytes. 

It therefore seems duite probable that climatic changes were intense during 
the deposition of the Upper Shales, changing from cool and moderate to rather 
warmer coiditions during the later stages of the sedimentation of these shales, 
and duite warm for the succeeding Bcca Sandstones with their coal measures 
in the northern parts of the Union. Vulcanism remained dormant, but crustal 
movements, consisting mainly of moderate upheaval and subsidence along broad 
zo1es of the country, were of small magnitude, as the presence of the “shallow 
water” Upper Shales would suggest. 

The palaeogeographical conditions bearing on the deposition of the 
phosphorites will subseguently be discussed. 


The Geology of the Phosphorites 


The phosphatic rocks occurring in the lower division of the Upper Dwyka 
Shales (see Table 1. p. 275) are concretionary bodies and range in form irom 
roughly spherical nodules of about one foot in diameter, usually less, to 
1enticular masses, measuring up to 30 feet in length and very seldom attaining 
the maximum thickness of 15 inches. 'They have nowhere been encountered 
as a persistent bed or beds, an observation shared by Rossouw,”) who has 
investigated the phosphorites east of the Dwyka River. 

For convenience the phosphatic concretions can be looked upon as of a 
threefold occurrence, confined to the lower horizon of the Upper Shales. 


() At the base of the shales following upon the 'Tillite, lenticular concretions 
appear both above and below a narrow zone containing at least four greyish 
cherty layers (see Table 1, p. 275). 'The lenses vary greatly in dimensions, from 
a few feet up to 20 feet or more in length, and with a thickness rarely exceeding 
192 inches. 'These phosphorites are enclosed in grey shales which may often 
be siliceous in composition. On weathering, the shales and cherts produce a 
reddish-grey colour on exposed surfaces, giving rise to a narrow strip of 
country with this characteristic tint. 

The phosphatic lenses usually weather out of the enclosing Er free from 
adhering shales, but in a few cases it was observed that layers of siliceous 
shales adhered to the phosphate lenticles. 'The weathered surfaces of the latter 
have a steel-grey colour, but usually the lenses exhibit a bluish-grey skin. When 
fresh the material has a black, structureless, massive appearance; in several 
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instances, however, banding has been noticed. Rectangular blocks are produced 
by weathering, usually assisted by a set of vertical joints. Under the hammer, 
however, they are hard and massive, yielding with conchoidal fracture. At 
various localities along the strike of the Upper Shales stringers of phosphatic 
material are to be seen as inclusions in a greenish shale. 


(ii) The second stratigraphic occurrence of phosphorite is found as ellipsoidal 
concretions or nodules imbedded in soft, greenish, splintery shales, which 
weather more readily than the shales as a whole. The nodules, measuring up 
to 12 inches in diameter, are usually scanty in occurrence, but in some places, 
however, they are found to be very closely spaced — only a few feet of shale 
separating the individual nodules along the same stratigraphic horizon. As a 
rule, however, they do not occur along a definite bedding plane but are restricted 
to a vertical stretch of about 50 feet of splintery shales (see Table 1, p. 14). A 
characteristic blue colour is developed on the exposed surfaces of the nodules, 
which are very fragile and brittle and break easily under the hammer. Nuclei, 
perhaps of fossil remains, are often enclosed, but these are beyond recognition. 


(iii) The third zone of phosphorite occurs in the dark brown shales which 
weather to a purplish blue colour in the veld. Lenses of phosphate are often 
encased in lenticular bodies, composed of ferruginous manganiferous material. 
In such cases the phosphorites do not readily weather out of the enclosing 
rock, and some difficulty is even encountered in removing the adhering shale 
with the hammer. 'This feature may be ascribed 'to the development of a set 
of vertical joints which affects shales and phosphates alike. As regards their 
dimensions it may be safely accepted that the phosphatic lenses never exceed 
30 feet in length with a maximum thickness of not more than 15 inches: 
generally the dimensions fall short of these figures. 


The phosphorite lenses and nodules can easily be recognised in the veld 
due to the characteristic colouring on exposed surfaces; the colour of the 
weathered phosphates being bluish-white. 'This blue-white shading is thought 
by du 'Toit to be due to coatings of iron phosphate (vivianite). In some 
localities, generally in the first subdivision, the colour is a steel-grey and may 
sometimes be obscured by films of foreign material, in which case it is possible, 
only after due acduaintance, to detect the presence of any phosphorite lenses. 
On fresh surfaces, however, the colour is always black. 

With regard to their stratigraphic disposition, it can safely be stated that 
no orderly arrangement of the phosphorite concretions exists. Jn other words, it 
does not follow that a succession of lenses or nodules, present between the 
bedding planes of the enclosing strata, necessarily occurs along that same 
horizon throughout. In following the strike, one often encounters the 
phenomenon that the lenses occur along different stratigraphic horizons; in 
several localities up to eight occurrences of phosphorite concretions have been 
noticed in a traverse across the strike. 

In addition to the phosphorites cropping out all along the strike of the 
Upper Shales, there are the transported blocks of phosphate which may be 
termed scree accumulations. 'The phosphorites being far more resistant to 
weathering than the country rock, migrate down the slopes of low ridges 
after being weathered out of the enclosing shales, to gather in the nearby 
valleys. Hence such valleys retain far more phosphatie debris than the 
surrounding ridges. In low-lying country, however, superficial deposits tend to 
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bury the whole succession of Upper Shales, the only evidence of the presence 
of phosphorites being lumps, scattered on the buried surface. It is therefore 
clear that topography plays an important part in the accumulation and 
probable productivity of the region. 


Petrographic and Chemical Investigation of the Phosphorites 


In the foregoing pages a description of the phosphorites with regard to 
their mode of occurrence and field relations has been given. Petrographic 
investigations as well as chemical analyses of the phosphatic material have 
been carried out and are detailed below. 

Petrographic examination of thin sections, supplemented by chemical and 
spectrographic analyses, shows that the phosphorites occur in the form of 
aAmorphous collophanite, composed essentially of tri-caleium fiuoro-phosphate, the 
refractive index of which was determined and found to be n — 1.692 (4 .003). 
Although the matrix of the phosphorites is most commonly isotropic (amorphous), 
a fine crystalline texsture was observed in one thin section. 'The crystals are 
of micro-erystalline magnitude and can only be observed between crossed nicols 
when their anisotropic character is apparent. 'The crystals are mostly very 
cloudy on account of their high content of carbonaceous material, and this 
together with their diminutive size, rendered it practically impossible to 
determine their optical properties. Undulose extinction, which is apparent in 
almost all crystals, also tends to obscure optical determinations. In a few 
instances, however, an indistinct negative uniaxial interference figure was 
obtained; hence the grains are most probably francolite, a carbonated 
fiuor-apatite, which “apparently forms largely by the crystallization of collophane 
and by the migration of some of the calcium phosphate to replace calcium 
carbonate” (3, p. 818). It is interesting to note in this respect that the francolite 
erystals mainly surround pelitic inclusions of almost pure carbonate of lime. 

The dull black colour of the phosphorites is attributable to the presence of 
noteable amounts of carbonaceous material of organic origin. 'The presence of 
the organic matter imparts a light to dark brown colour to the phosphorite 
when seen in thin sections, and it is so finely distributed in the matrix that 
no organic structures are discernible. (G@uartz fragments and micaceous flakes, 
though very minute, are present in relatively small amounts, varying in 
abundance from rock to rock, and even in the same slide. In one thin section 
a distinct banding was observed, the lighter coloured bands corresponding to 
layers of nearly white or colourless collophanite with a low content of organic 
matter, while the darker zones are composed almost entirely of highly 
carbonaceous brown collophanite. 'The duartz grains and mica flakes are less 
abundant in the darker coloured zones than in the lighter, where a rough 
parallelism of the micaceous material is noticeable. Cleavage traces of the 
mica flakes are parallel to the banding in thin sections, which suggests that the 
mineral fiakes are probably orientated parallel to the bedding of the rock. 

In one thin section of a phosphorite rock obtained from the Upper Dwyka 
Shales in the neighbourhood of Matjiesfontein, beautifully preserved radiolarian 
remains have been identified with their external projections or spicules largely 
intact. A few growth forms or even perhaps forms of different species, are 
recognisable, though such identification with regard to species was difficult 
owing to the lack of distinguishable internal capsules. The colour of the 


280 


radiolaria is dark brown, believed to be due to ferruginous colouring pigments. 
Most probably these inclusions of animal remains in the phosphorites are 
aceidental rather than common, as this section is unigue in containing 
distinguishable radiolarian forms. 


PLATE II 


Upper Palaeozoic Radiolaria, occurring in the Phosphorites of the Upper 
Dwyka Shales near Matjiesfontein. (2 500.) 


A chemical analysis of this rock appears in Table 2, sample No. 11. 

A polished section was prepared of a phosphatic rock found along the 
national road between Matjiesfontein and Laingsburg, and with the aid of the 
ore microscope the presence of very small amounts of metallic sulphides was 
detected. Chalcopyrite is present in minute irregular aggregates or as slender 
needles; pyrite forms very small specks in the groundmass of phosphorite, while 
limonite, usually associated with silicates, appears as fillings to small cracks and 
fractures, suggesting secondary deposition. In the collophanite matrix two 
amorphous aggregates, dilfering very slightly in relief and refiesion, were 
observed; the more weakly refiecting variety appears to be harder and stands 
out in relief. 'They are aggregated on such a small scale that nothing definite 
could be determined. 


The Chemical Analyses 


A spectrographic analysis was carried out on the phosphorites by 
Dr. A. Strassheim of the Western Province Fruit Research Station at 
Stellenbosch, with the object to determine the elements dualitatively combined 
in the phosphates. 'The data obtained proved the presence of silicon, calcium, 
phosphorus, aluminium and magnesium in considerable amounts, while titanium, 
copper, manganese, sodium and potassium appear in minute guantities. Of the 
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trace elements, however, only titanium and manganese could be detected 
chemically. 

The chemical analyses of 11 samples of phosphorite are tabulated in 
Table 2. Complete analyses with the exception of organic carbon, were conducted 
on samples 1, 2 and 3; the reason why this element was not determined, is 
because the carbonaceous matter is so finely divided and so intimately associated 
with the matrix of the phosphorites that great dificulty was encountered in 
Oxidising all the carbon to the dioxide, even at temperatures as high as 1,000” C. 
Tts presence, however, was revealed in the silicate residue after digesting the 
powdered phosphate in agua regia on the water-bath, when a black mass was 
obtained, which on ignition at dull redness, turned to a dirty white powder of 
almost pure silica. 

From the analyses of 11 samples of the phosphorites' an average of 
28.63% P,O,, eguivalent to 62.57% of tri-calcium phosphate, is obtained, placing 
the phosphorites in a fairly high grade. 'The high content of the combined iron 
and aluminium oxides as well as the presence of manganese and fluorine, 
however, makes it rather improbable that the deposits will be of economic 
importance, as these elements are troublesome in the production of 
Superphosphate. In this respect it is interesting to note that fluorine is present 
in considerable amounts, varying from 2 to 3%. 'The theoretical amount of 
fiuorine reguired for the formation of fluor-apatite 3Ca,(PO,,.CaF,, taking the 
average P.,O; content for 10 analyses as 27.98%, is 2.49% F,, which is somewhat 
above the actual percentage of 2.22% F, obtained for the same samples. 'This 
fact may be of significance when it is borne in mind that fiuorine is believed 
to have played an important réle in the deposition of phosphorite beds, as 
suggested by Mansfield (5). 

The presence of CO, is attributed to small amounts of limy material which 
was introduced into the phosphorite concretions along fractures and joint 
planes. Silica is present in fairly high percentages and it most probably existed 
in the phosphorites as free duartz with small duantities of silicate minerals. 
McConnell (6 and 7), however, indicated that phosphorus may be replaced by 
silicon in the apatite structure, but it is difficult to tell whether such action 
occurred in the phosphorites concerned without X-ray diffraction patterns. Tron 
and alumina may be present as the phosphate, but no proof is forthcoming 
from the microscopic study of thin sections. Sulphides as well as the oxide 
of iron, however, have been noted in a polished section of the phosphorites. 


Origin of Phosphate Deposits 


In an illuminating paper, Blackwelder (1) pointed out the essentially cyclic 
nature of phosphate deposition. He emphasised the part played by anaerobic 
conditions on the sea bottom where such deposits accumulated, and he is of 
opinion that under conditions of deficient oxygen, anaerobic bacterial action 
predominates in the precipitation of phosphorus in the form of calcium 
phosphate. 'The resulting rocks are almost invariably black in colour, due to 
their noteworthy content of carbonaceous matter, and although such deposits 
may contain fossilised fish teeth and other animal and plant remains, they are 
generally devoid of sessile bottom-inhabiting organisms. Such conditions are 
obtained in places of little or no water circulation such as bogs, deep lakes and 
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marine swamps. It may be stated here that the Black Sea affords a good 


example of such palaeogeographical environments, but no phosphate deposits 
have yet been reported from the bottom of the Black Sea. 


Mansfield (5) is of opinion that different commercial phosphorites contain 
12 to 52% fluorine in excess of the theoretical amount reguired for the formation 
of fiuor-apatite with all the phosphoric acid, and cites the work of others to 
the effect that chemical and X-ray difraction studies revealed the presence of 
fiuor-apatite as the essential phosphatic constituent of phosphate rocks. 'The 
excess of fluorine may be attributed to the formation of solid solutions between 
fiuor-apatite and calcium #f#luoride, or to the substitution of phosphorus by 
silicon and possibly other elements (6 and 7), thereby increasing the fluorine- 
phosphorus ratio. In this respect, however, many writers, especially Mansfield, 
are of opinion that fluorine played an important rêle in the precipitation and 
preservation of phosphate of lime under favourable palaeogeographical conditions 
as suggested by Blackwelder. 


To account for the large amount of fiuorine necessary to effect phosphate 
deposition, Mansfield draws attention to the huge auantities that are supplied 
to the atmosphere during periods of great volcanic activities, and 7Zies (19) 
estimated during a visit to the Valley of 'Ten 'Thousand Smokes, that the 
atmosphere receives fiuorine at the annual rate of 135,000 metric tons. Perhaps 
the principal source of fiuorine is the large supply that is yielded to the streams 
and the oceans by the decomposition and leaching of fluorine-bearing minerals 
during periods of large scale erosion activities. Shepherd (10) has shown that 
fiuorine is not such an insignificant constituent of the earths crust as is 
generally accepted, and it is interesting to note with regard to the provenance 
of the Dwyka Tillite, that the older rocks, especially in the vicinity of Gordonia, 
contain fairly high amounts of fiuorine, as is reflected in the dental malady 
caused by the presence of fiuorine in the waters of those areas. Furthermore, 
CayeuxX, cited by Mansfield, is of opinion that the phosphate deposits of the 
Upper Cretaceous in Europe were formed as a result of great disturbances in 
the edguilibrium of the sea, With conseguent changes in ocean currents and 
depth relations, Causing the destruction of vast numbers of organisms, which 
furnish in abundance the phosphoric acid that passes into the bottom sediments. 
This view brings phosphatic deposits in close association with unconformities 
and other stratigraphic breaks, and when it is realised that great unconformities 
are no doubt related to crustal disturbances, it is not surprising that Mansfield 
concludes that “a review of the phosphate deposits of the United States shows 
that volcanic activity on a considerable scale occurred at approzimately the 
same time as the deposition of the primary phosphates and that these phosphate 
deposits in general lie above unconformities” (5, Dp. 879). 


In discussing the origin of the phosphorite deposits of Southern California, 
Dietz and others (3) have shown that the sea water deeper than a few hundred 
meters is essentially saturated with tri-calcium phosphate and that such a 
saturation may allow the existence of a colloidal phase in eduilibrium with the 
dissolved phase. Hence an amount of phosphate egual to that carried annually 
to the sea by streams, must be deposited as phosphate minerals or as organic 
matter, either directly from solution or from colloidal suspension. Slight 
changes in the physico-chemical or even biological conditions may also result 
in the deposition of phosphate of lime. Pardee (8) on the other hand is 
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inclined to favour glacial conditions for phosphate deposition, and suggests 
that cool climatic conditions may have prevailed during the deposition of the 
phosphate beds occurring in the Permian strata of Montana. At low 
temperatures carbon dioxide is most abundantly retained in the bottom waters 
where this gas is supplied from decomposing organic substances on the sea 
floor. Under such conditions chemical precipitation of lime would be retarded, 
while phosphoric acid may be concentrated to the point of saturation when 
deposition of tri-calcium phosphate is bound to accumulate in relatively 
pure form. 

The primary source of the phosphorus in phosphatic deposits is the eruptive 
and plutonic rocks which are known to contain small dguantities of phosphate 
minerals. From these rocks the phosphoric acid is leached and transported 
by ground waters to the sea, where it is absorbed by plants and animals which 
incorporate it in their bodily construction. Upon destruction of such organisms 
the phosphoric acid is returned to solution, and in a few environments, where 
palaeogeographical conditions are such as to inhibit the existence of life other 
than anaerobic bacteria, deposition of phosphoric acid seems to be inaugurated 
by such infiuences as outlined in the previous pages. 


The Dwyka Phosphorites 


With reference to the above-mentioned factors that govern phosphate 
deposition, it seems probable that the Dwyka phosphorites were chemically 
precipitated from either solution or colloidal suspension in fairly shallow 
waters, the temperature of which was low to moderate, as would be expected 
to follow upon the passing of Tfrigid conditions that prevailed during the 
deposition of the Dwyka 'Tillite. Palaeogeographical conditions were such as 
would obtain in marine swamps or in estuarine environments, where deficiency 
of oxygen, caused by little or no water circulation, resulted in the destruction 
of life and the initiation of anaerobic bacterial decay. Under these conditions 
phosphoric acid was concentrated and finally deposited in the form of lenses 
and nodular concretions; it is probable that in the latter case a nucleus 
existed, but no definite proof of such internal structures is exhibited by these 
occurrences. 'The deposition of lime carbonate was temporarily retarded, 
although a few lenticular bodies of limestone signify changes in the physico- 
chemical conditions. 

The source of the phosphoric acid as well as the fiuorine, which appears to 
have played a certain réle in the deposition of the phosphate of lime, is 
doubtful, but it seems probable that both of these elements were supplied by 
the older formations to the north, whence they were transported either as 
glacial material or in chemical solution by the waters draining that area. 

With regard to the part played by unconformities in the deposition of 
phosphate of lime in other countries, it is interesting to note that the 
phosphorites of the Upper Dwyka Shales occur above an extensive erosional 
surface, produced during the glaciation of the southern part of the African 
continent in Carboniferous times; the Dwyka Tillite is only concordant with the 
preceeding formations south of latitude 33”, while north of that line all exposed 
formations older than the Dwyka were subjected to glaciation. The Upper 
Shales represent the glacial outwash and silts produced during the northerly 
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retreat of the Dwyka ice mass, the rocks consisting mainly of fine-grained 
sedimentaries. 
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ABSTRACT 


The occurrences of the dolerites in the Wellington—Moorreesburg 
area may be divided into two main groups: those having a general 
N.E.-S.W. strike, and those trending approximately S.SE-N.N.W. 'The 
host rocks to these intrusions are mainly the Swartberg sericite schist 
of the Swartland Formation, and the Main Porterville clayslate of the 
Boland Formation. 

A study of the dolerites reveals the fact that two generations of 
feldspar are present in all the rocks. 'The primary unaltered plagioclase 
was determined to have the composition of a labradorite, while the 
extensive de-anorthitisation has led to the formation of an albite- 
oligoclase feldspar. 

No orthopyroxenes have been found in the rocks. The clinopyroxenes 
show very little variation in their optical properties and are highly 
altered, mainly to chlorite. 

The alteration of the dolerites is ascribed to low-grade regional 
metamorphism which is taken to have been induced mainly by the 
Permo-Triassic Cape Folding, and from this evidence it is suggested that 
the dolerites are of Pre-Karroo age. 

The chemical study of the basic intrusions indicates that three main 
types may be distinguished. 'These are compared to average dolerites 
Of other areas, and it was found that the type of intermediate acidity 
corresponds closely to the average world dolerite. 
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I. INTRODUCTION 


The most comprehensive paper hitherto published on the doleritic intrusions 
in the Western Province, is that of Brink and Nell (1). It gives a historical 
review of the previous work done, and adds a description of the geology 
and petrology of a large number of dolerite dykes in the Cape Peninsula, 
Somerset West, Paarl and Malmesbury districts. An important conclusion 
reached by the authors is that on the grounds of chemical characteristics and 
the mode of alteration, the Western Province dolerites are of Pre-Karroo age. 

The present research was carried out with the object of substantiating the 
views held by Brink and Nell. As the area in which the intrusions occur forms 
the subject of a forthcoming publication by L. P. Rabie, the geology of the 
dolerites will be only briefiy touched upon, the petrological aspects of these 
rocks forming the subject of this paper. 'The nomenclature instituted by Rabie 
will be adopted when referring to the country rocks. 


The author wishes to thank Dr. D. L. Scholtz of the Department of 
Geology of this University for his guidance and unfailing interest during 
the research. 

Thanks are also due to Mr. L. P. Rabie for placing his maps and rock 
specimens at the author's disposal. 


IN. DISTRIBUTION AND GENERAL GEOLOGY OF 
THE INTRUSIONS 


The dolerite dykes which were investigated occur in the Wellington, 
Malmesbury, Moorreesburg and Porterville districts. 

Between Wellington and Malmesbury in the Porseleinberg hills a large 
number of approximately parallel dykes are found, having a general 
north-east—south-west strike. Great variation is encountered with individual 
dykes, strikes of north-south and also east-west being recorded. The dykes in 
this area, which comprises approximately 30 sdguare miles, seldom attain a 
length of half a mile, the average length being from 200 to 300 yards. 

The dykes are intruded into rocks of the Koringberg group of the 
Swartland Formation, consisting of the Swartberg sericite schist, graywackes 
and feldspathic guartz schists. The dolerites are found to occur most abundantly 
in the sericite schist 'The majority of the occurrences are cross-dykes, being 
perpendicular to the general strike of the country rocks. 

Tsolated dolerite dykes occur on the farm Druiwe Valley and at Voëlvlei 
near (Gouda, .striking respectively north-south and east-west 'The one at 
Druiwe Valley attains a length of over half a mile and is intruded into the 
Main Porterville clayslate of the Boland Formation, while the Voëlvlei 
occurrence intrudes graywackes of the same formation. Both these dykes are 
orientated diagonally to the strike of the country rock. 


289 


The dolerite dykes on the farm Smitsfontein are intruded into feldspathic 
duartz schist of the Swartland Formation. 'They are diagonally situated to 
the strike of the country rock and the easternmost dyke changes its strike 
from north-east to north-north-east. 

Two parallel dykes with a north-east—south-west strike occur on the farm 
Middelpos. Two more isolated occurrences were found on the farms 
Skilpadsvlei, south-west of Moorreesburg, and Klipfontein, east-south-east of 
Moorreesburg. The Skilpadsvlei dyke occurs in graywackes while the other 
dykes are all intruded into the feldspathic dguartz schist of the Swartland 
Formation. 

On the farms Klawervlei, due north of Malmesbury, and Soutfontein in the 
Kanonkop hills between Moorreesburg and Riebeek West, occurrences of basic 
pipe-like bodies were found intruded into the Swartberg sericite schist. 

In the Porterville district a swarm of dolerite dykes occurs in a narrow 
tract of country from Halfmanshof Siding to the farm Viskuil, approximately 
12 miles in length and one mile broad. 'The dykes are parallel to the general 
strike of the country rock, which here is the Main Porterville clayslate of the 
Boland Formation. 'The dykes have the greatest linear persistence of all those 
found in the area covered, the longest, near the farm “De 'Tuin”, being nearly 
3 miles long. 'The general strike is $S.S.E.-N.N.W., but the dykes show a curved 
Ooutline, trending in a westerly direction as the northern edge of the area 
is approached. 

On the farms Matjesrivier and Volstruisdrif along the Berg River, two 
occurrences of massive fine-grained dolerite were found. 'The Volstruisdrif 
dyke is broader than the average occurrence and diagonal to the general strike 
of the country rock. 

In the districts of Tulbagh, Worcester and Robertson three further dolerite 
dykes are known to occur. 'The Tulbagh occurrence is a medium-grained 
dolerite, following the strike of the country rock for a distance of approximately 
12 miles. Its outcrop may be traced from the Drostdy practically to Wolseley 
down the centre of the Tulbagh—Worcester valley. 'The dyke at Worcester, 
found above the old reservoir, is a cross dyke, while that at Robertson, north 
of Goorreeshoogte, is parallel to the general strike of the country rock. 

The outcrops in the Wellington—Moorreesburg area are in most cases so 
badly exposed that it is difficult to determine whether the dolerites which 
follow the strike of the country rock are sheets or true dykes. It is certain, 
however, that they are all steeply dipping bodies. Whenever contacts with the 
country rock are exposed they are irregular in detail, the dykes often occurring 
along joints or otherwise cutting bluntly across the surrounding rocks. 


II. PETROGRAPHY 


The great majority of the dolerites under consideration are ` fresh, 
` even-grained melanocratic rocks. In hand specimen the colour ranges from 
greyish-green to dark gray-black, the darker coloured rocks having a greater 
predominance of unaltered pyroxene, while the greenish colours may be wholly 
ascribed to the varying amounts of chlorite present. (@Occasionally irregularly 
spaced round aggregates of calcite varying from 2 to $ mm. in diameter are 
observed. When examined under the microscope these were invariably seen to 
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be fringed by chlorite and secondary duartz. Grains of pyrite, not exceeding 
2 mm. in diameter, were occasionally observed. 

In the medium eduigranular dolerites, which constitute the most common 
type, tiny laths of feldspar ranging up to 1 mm. in length may be recognised 
with the unaided eye. 'The pyroxene can likewise be distinguished although 
generally not with the same ease as the feldspar. 'The matrix of these rocks 
is macroscopically undecipherable. 

The coarser varieties contain easily recognisable feldspar and pyroxene 
crystals in a minutely crystalline groundmass. Both the feldspars and pyroxenes 
exceed 1 mm. in length, usually ranging from 2 to 3 mm. 

When we consider the fine-grained dolerites, no individual minerals can 
be recognised with the unaided eye, although their eucrystalline nature is 
still visible. 

Occasionally the dolerites acduire a pseudoporphyritic texture owing to a 
concentration of the feldspars in irregular aggregates. An example of this 
texture was found in the dyke occurring on the farm “De Tuin”. 

Examined under the microscope the dolerites exhibit either intergranular 
or subophitic textures, true ophitic textures being rare. 'These textures are 
sometimes preserved in spite of alteration which has taken place, while in 
other cases all traces of the original texture have been completely destroyed. 


PLAGIOCLASE 


The plagioclase crystals are subhedral to euhedral and exhibit a very poorly 
developed cleavage, which, when present, was found to be parallel to (001). 
Incipient alteration of the plagioclase was observed to be particularly prevalent 
along cracks traversing the crystals, a factor which makes the recognition of 
true cleavage directions rather complicated. 

TWO generations of feldspar are present in almost all the thin sections 
examined. 'The phenocrysts, averaging 2 to 3 mm. in length, constitute the 
bulk of the feldspathic material, while smaller crystals of more or less uniform 
size represent the second generation. 

The composition of the feldspars was investigated by means of the Universal 
stage, and in order to get an idea of the relative freguency of the various 
twinning laws exhibited by the plagioclase, the twinning relationships obtaining 
in a few arbitrarily selected individuals in each thin section were determined. 
Unfortunately the plagioclase crystals were so completely altered in some of 
the thin sections studied as to permit no microscopic determination of their 
composition or twinning laws. 

The results of this investigation show that albite and Carlsbad are the 
principal twinning laws shown by the feldspars: 


Albite Carlsbad Roc Tourné Ala Acline Baveno 


517 d3 6 2 1 1 


Composition of the Plagioclase 


It is difficult to assess the average composition of the plagioclase feldspars, 
owing to zoning and the varying degrees of albitisation to which they have 
been subjected. 
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In some thin sections the plagioclase crystals were found to be unaffected 
by albitisation, enabling one to determine their composition accurately on the 
Universal stage. Separate values were determined for both the cores and the 
mantles of the feldspars, since single values for zoned crystals cannot be given 


owing to the difficulty of accurately determining the ratio between core 
and mantle: 


Average composition of plagioclase cores Ee MT AE ADRES 
Average composition of plagioclase mantles .. .. .. Ab, AN, 


The average composition determined for the feldspar microlites was 
Ab. AN,,, a value which corresponds closely to that found for the mantles of 
the zoned phenocrysts. 

Tt is interesting to note that by averaging the normative feldspar 
compositions of the various chemical analyses of the dolerites (Table TIT) a 
value Ab,, An,, was obtained, which is closer to the average core composition of 
AD,, An,, than to the average mantle and microlite compositions of Ab, AN, 
and Ab,, An,, respectively. 

An intermediate stage between the unaltered feldspars and those where 
albitisation has been carried through to its fullest extent was found in only one 
of the numerous thin sections examined. Tn this case individual plagioclase 
crystals have suffered almost complete albitisation, their composition ranging 
between 8% and 12% An, whereas the majority of the crystals have retained 
their original composition of 57% An. 

Those plagioclase feldspars that have undergone complete albitisation were 
determined on the Universal stage to be of two groups, the first being an 
acid oligoclase, the second albite. The composition of the oligoclase varies 
from 12% to 18% An, while that of the albite ranges from 6% to 9% An. Both 
generations of feldspar have been affected, the result being that all the crystals 
of plagioclase ultimately acduired approximately the same composition. 

Crystallisation in the metastable region while the cooling of the magma 
was still relatively slow, is suggested for the origin of the phenocrysts. As the 
magma rose to higher levels in the cooler country rock, the residual magma 
consolidated rapidly in the labile region, accounting for the outermost soda-rich 
mantles about the phenocerysts and simultaneously also for the second generation 
of feldspar of like composition in the form of microlites. 


Zoning in the Plagioclase 


The relative abundance of zoned plagioclase crystals is a striking feature 
of the dolerites. Jn general this zoning is of the continuous normal type, 
ie. the inner portions or cores have a higher anorthite content than the outer 
portions. The change in composition is gradational, there being no sharply 
demarcated zones. 'These zonal effects may be partly or wholly destroyed 
during the process of albitisation. 

Occasionally an outer, more sodic zone abruptly succeeds a homogeneous 
and more calcic core, the latter often being completely saussuritised, whereas 
the mantle is perfectly fresh but has undergone extensive albitisation along 
with the microlites. According to Phemister (4) the sudden release of a small 
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amount of volatile constituents may induce precipitation of a more sodic 
feldspar about a core of plagioclase of intermediate composition. 

Owing to the fact that the outer zones of the plagioclase crystals are only 
partially developed and not strongly demarcated, the anorthite content was 
determined of the cores and mantles only, in order to note the masimum 
variation in the composition of the plagioclase. 

The anorthite content of the cores of plagioclase crystals investigated was 
found to range from 54% to 6%, whereas that of the mantles varies from 
36% to 50%. The second generation of feldspar, the so-called microlites, are 
also invariably twinned and feebly zoned. 'The composition of individual zones 
could not, however, be determined with any accuracy. 


Alteration of the Plagioclase 


Various alteration products have been observed which may be listed as 
follows: 


(i) Calcite is present in varying amounts in almost every thin section. 
Sometimes only irregular scattered grains may be detected, while in 
other thin sections it is rather an abundant secondary mineral, forming 
round aggregates fringed with chlorite. 'This suggests that the calcite . 
may be derived from both the feldspars and the pyroxenes. 

Albitisation, with the resultant liberation of calcite and secondary 
duartz, is suggested for the origin of the calcite. 'This has mainly 
affected the plagioclase phenocrysts and also to a lesser extent the 
microlites. In some cases it was found that calcite and epidote are 
the only alteration products of the plagioclase, no saussuritisation 
having been observed. 


(ii) Saussurite: Saussuritisation is the prevailing type of alteration of the 
feldspars, and was found to commence in the lime-rich cores of the 
crystals with the formation of sericite, clinozoisite, duartz and albite. A 
little epidote was occasionally found in association with the foregoing 
minerals. 

The products of saussuritisation often completely replace whole 
crystals of plagioclase, while in other cases a soda-rich mantle surrounds 
the more calcic, saussuritised core. In general the microlites were found 
to be unaffected by this process. 


(iii) Epidote occurs in fair duantities in most thin sections, usually in close 
association with calcite. It was found as isolated patches which are 
built up of numerous small anhedral fragments showing a decided 
pleochroism from a light greenish-yellow to colourless. Where 
determination was possible, the optic axial angle 2V. was found to vary 
EO GO io 72. 


(iv) Chlorite: Tncipient chloritisation of the plagioclase feldspars can pe 
seen to commence along fractures and cleavages in the crystals. Thus, 
although the chlorite does not replace plagioclase crystals to any large 
extent, it will be suggested later that the alteration products derived 
from the feldspars due to albitisation played an important réle in the 
formation of chlorite. 
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Orthopyrorene: No orthopyroxenes or minerals which might be alteration 
products of them have been detected in any of the thin sections studied. 


Clinopyrorene: The clinopyroxene occurs mainly as anhedral crystals, but 
subhedral crystals are not uncommon. In size thé clinopyroxenes approximate 
to the plagioclase crystals, although generally they are somewhat smaller. 'They 
oceur interstitially to the feldspars, but subophitic and ophitic intergrowths with 
the feldspar were fredguently observed. 

The pyroxenes are generally light green in colour, although colourless and 
krownish varieties are known to occur. 

Twinning of the pyroxenes is, with a few exceptions, abundant in all the 
thin sections. 'This is in direct contrast to the observations of Brink and 
Nell, who state that “twinning of the pyroxenes was found to be rare or 
absent”. 'The type of twinning throughout is simple twinning on (100). 

The prismatic cleavages are prominent in the fresh pyroxene, and at an 
angle of 88” to one another. lInvestigations conducted by means of the 
Universal stage seem to indicate that the optical properties of the pyroxenes 
in all the dolerites are subject to bus slight variation. 'The optical examination 
of the pyroxenes discloses the fact that the optic asial angle 2Vy varies from 
44” to 46”, while the extinction angles v/c range from 43" to 44”. 'These values 
indicate that the pyroxene has an augitic composition. 

Zoning of the pyroxenes was observed in several thin sections and is 
revealed by the increase in birefringence from core to mantle and by the 
difference in extinction positions in sections normal to the axial plane. Owing 
to the rather poor development and demarcation of the zones, separate values for 
2Vy and yv/c for the individual zones could not be determined with accuracy. 


Alteration of the Pyroxene 


The pyroxenes in most of the dolerites show some signs of alteration, usually 
commencing in the outer portions oi the crystals or along cracks and cleavage 
directions. 'The latter case is illustrated by the occurrences of unaltered 
pyroxene mantles incompletely surrounding a central mass of chlorite. Entire 
pyroxene crystals may be replaced while in exceptional cases no fresh pyroxene 
is present in the thin section. 


(i) Chlorite: This mineral is the most common alteration product in the 
dolerites under consideration. Not only does it replace pyroxene, but it 
is also prominent along cracks as veinlets in the feldspar, as previously 
described. 

The chlorite is pale green in ordinary transmitted light and often 
shows decided pleochroism from green to colourless, those patches 
showing pleochroism having a decidedly darker green colour than 
non-pleochroie patches. The chlorite flakes are often associated with 
grains of titaniferous magnetite and occasionally with tiny wedge-shaped 
crystals of titanite. 

The original pyroxene cleavage directions may often be discerned 
in a mass of chlorite completely replacing a crystal of pyroxene. 'This 
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effect is enhanced by needles of hornblende and tremolite occurring 
within the mass of chlorite and orientated along the original pyroxene 
cleavage directions. 

On account of the freguent presence of “penninite”, characterised 
by ultra-blue interference tints under crossed nicols, in association with 
the ordinary light green variety of chlorite described above, the author 
is of the opinion that the chloritiec material is of variable composition 
even in one and the same section. 

(ii) Uralite: Uralitisation of the pyroxenes was found in all thin sections 
Of the dolerites. 'This alteration commences along the margins of the 
pyroxene crystals, yielding various, but never complete, stages of 
replacement of pyroxene by amphibole. 'The uralite shows decided 
pleochroism from green to colourless, and has in turn been partially 
altered to chlorite. 


Determinations on the Universal stage yielded the following results: 


2Va — 62 to 67” 
v/e 19 to2d 


| 


HORNBLENDE 


Primary hornblende was observed in many thin sections and is often 
associated with the augite. It shows well developed cleavages and in exceptional 
*ases simple twinning on (100). The hornblende shows decided pleochroism from 
dark brown to nearly colourless, and may often be partially uralitised. 

When determined on the Universal stage, the hornblende yielded the 
following values: 


Ma. MY ED RE 
y/e 14 Ster ii 


OLIVINE AND SERPENTINE 


NO examples of fresh unaltered olivine have been detected in any of the 
thin sections. Small guantities of serpentine have, however, been observed 
occasionally. As the augite alters directly to chlorite or through uralite to 
chlorite, it seems safe to assume that the serpentine represents the alteration 
product of original olivine. 


ACCESSORY MINERALS 


@uartz: This mineral is found to occur in varying amounts in all the thin 
sections examined, sometimes to such an extent that the rock may be termed 
a dguartz-bearing dolerite. A large proportion of the aguartz is clearly of 
secondary origin, resulting mainly from the alteration of plagioclase. Primary 
guartz in the form of microgranophyric intergrowths with the plagioclase occurs 
in great profusion, generally around the margins of the plagioclase phenocrysts. 
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Apatite: Several thin sections of the dolerites disclose the presence of 
apatite as thin needles in the interstitial matter. 


Biotite was found in only one case, a thin section of a dolerite from the 
Porseleinberg swarm. It is present in fair duantity and is more abundant in 
the vicinity of magnetite grains. 'This mineral association was observed by 
several other investigators, eg. Brink and Nell (1), D. L. Scholtz (5) and 
A. Harker (3, p. 108). 


Opague Minerals: From microscopical examinations it is evident that there 
exists a definite variation in the content of ore minerals, these constituting 
from 3% to 10% of the rocks. In some thin sections innumerable small grains 
are disseminated throughout the matrix, while in others fairly large grains 
disclose a similar sporadic distribution. 

'Titaniferous magnetite is the most abundant ore mineral. It may be of 
Doth primary and secondary origin, being found as well formed crystals and as a 
segregation product in the alteration of the pyroxenes when it occurs orientated 
along the cleavage directions of the pyroxenes. 'The bulk of the mineral, 
however, occurs as anhedral grains and is usually associated with varying 
amounts of leucoxene. 

IImenite is present in fair duantity in most thin sections and has been 
altered in varying degrees to leucoxene, from which in turn wedge-shaped 
crystals of titanite have formed. 


IV. THE METAMORPHISM OF THE DOLERITES 


In the previous chapter the nature of the various alteration products 
derived from the principal constituent minerals of the dolerites has already 
been discussed. 'The probable origin of these products may be ascribed to the 
effects of low-grade regional metamorphism with the effects of autometamorphism 
entirely subordinate or even absent. 

The absence of hydrothermal alteration in the basic intrusions is borne out 
by their chemical analyses which reveal them to be true dolerites. 'This 
indicates that no material was added or subtracted from the original 
composition, which would be expected if hydrothermal solutions had been active. 


Autometamorphism 


This type of alteration may be reflected in the saussuritisation of the 
teldspars and to a lesser extent in the formation of chlorite. 'This conclusion 
as to the origin of the chlorite was reached by R. J. Colony (2) and 
P. Wagner (7), while L. R. Wager (p. 229) ascribes the chlorite to hydrothermal 
action. These products, and the concomitant formation of epidote, may, 
however, also be explained as being due to the effects of regional metamorphism, 
which process is more likely to have affected the rocks under consideration. 


Low-grade Regional Metamorphism 


The dolerites of the Wellington—Moorreesburg area are typified by intense 
uralitisation of the original pyroxenes. Very often the uralite in turn was 
found to be partly or completely chloritised, and rocks showing these successive 
stages of alteration are known. 
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Saussuritisation is a distinctive feature of the feldspar phenocrysts of the 
dolerites. 'This process which involves the secondary formation of sericite, 
epidote, calcite and dguartz from the normative feldspar group, With resultant 
de-anorthitisation of the residual plagioclase feldspar to stable oligoclase-albite 
Composition, can be illustrated by the following chemical eguations: 


(D) 12 KAISLO. 4 HO —4 KH.ALSI,O, -- 4 K,SiO, -- 90 SiO, 
orthoclase sericite 


(2) 12 CaAlSiO. SS HO — 6 OHOa.AL,SLO, -- 3 ALO, 6 SiO, 
anorthite epidote 


(3) 6 OHOa,ALSLO,. — 18 SO, - 9 ALO, 4 12 CaAO 48 HO 


epidote 
(4) 2 EAALSLO, — MA SO. 19 ALO, ' 12 Ca0 
anorthite 
(8) 4 K,SiO,- 12 ALO, 8 HO -4 2 SO, — 8 KHALSLO, OG 
sericite —— 
(6) 12 KAISi,O, 4 12 CaALSiO, -12 HO —12 KEHOALSLO,, HA SO IE 
orthoclase anorthite (D -H (4) 4 (5) 
sericite 
(7) 12 CaALSiO, 44 CaO -44 HO — 8 OHCa,ALSi,O,. 
anorthite epidote 
(io also As EO SEED 
calcite 


(9) 12 KAISi,O, 4 24 CaAlSiO., 4-16 HO-8 CO, — 
orthoclase anorthite 


12 KA,ALSi,Ou -- 8 OHCa,ALSiO. -A- 8 CaCO, 4 4 SiO, 
sericite epidote calcite duartz 
(6) -A- (7) -— (8) 


(10) Simplified: 
3 Or --6 An -4HO-4?2 CO, — 3 Ser. -2 Epid. --92 Calc. 6 @z. 


Apart from the above reactions, the anorthite molecule plays an important 
role in the formation of chlorite. According to J. D. Wiseman (9, p. 358), “when 
a basic igneous rock undergoes low-grade regional metamorphism the anorthite 
molecule of the original plagioclase feldspar is partially or wholly used up in 
the production of hornblende and chlorite from the original pyroxene”. Such 
conditions of formation of the chlorite easily account for the two varieties of 
that mineral present, viz. a pale, more alumina-rich chlorite found in association 
with feldspar, whereas the darker and more pleochroic, and therefore more 
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iron- and magnesia-rich variety occurs with the pyroxene and amphibole. 

The interaction of feldspar and pyroxene involves the liberation of some 
lime and silica which are utilised in the formation of sphene (CaTiSiO;,) from 
ilmenite (FeTiO,). This accounts for the phenomenon of wedge-shaped crystals 
of sphene found. in association with the chlorite. 

It is interesting to note that these intrusions conform fairly closely in 
mineralogical assemblage and degree of alteration with the low-grade epidiorites 
described by Wiseman (9, p. 357). 

According to the Report of the Committee on British Petrographic 
Nomenclature (8, p. 188), the term “epidiorite is retained for unfoliated 
metamorphic igneous rocks of doleritic or basaltic composition in which augite 
has been replaced by hornblende. It usually occurs in dykes and sills.” 

From the foregoing it is clear that some of the basic intrusions under 
consideration should be termed epidiorites rather than dolerites. 

The study of the alteration products and their origin leads to the conclusion 
that the dolerites were subjected to low-grade regional metamorphism. 'This 
metamorphism may be attributed in part to the superincumbent load of the 
entire Cape System before folding, and to the subseduent Permo-Triassic 
orogeny which gave rise to the Cape Folds. 

As the dykes are intruded into Pre-Cape formations and exhibit signs of 
having suffered alteration induced by the Cape Folding, the available evidence 
seems to indicate that they are older than the Karroo dolerites. 


V. THE CHEMISTRY OF 'THE DYKE ROCKS 


Fifteen new analyses of the dolerites of the Wellington—Moorreesburg area 
were made and are given in 'Table I. For comparative purposes average 
analyses of Karroo and World dolerite types have also been included. 

From these analyses the Niggli molecular values, and the normative 
compositions of the dolerites according to the C.IP.W. and Niggli systems were 
calculated. These values are tabulated in Tables II, IV, V and VI. 

The graphical representation of the molecular values of all the analyses 
indicated that there exist three main types among the dolerites under 
consideration. 'These types, together with the average Western Province, 
George, Karroo and World dolerites, are represented in Diagram I. 'The types 
are constituted as follows: 


Type A: Analyses Nos. 3,4, 8 and 10. 
Type B: Analyses Nos. 1, 11, 12, 13, 14 and 15. 
Type C: Analyses Nos. 2, 5, 6, 7 and 9. 


An attempt was made to integrate all representative thin sections of 
analysed rocks, but only a few yielded satisfactory modes, owing to the extreme 
fineness of texture in some and the advanced stage of alteration in others. In 
the integrations carried out only three different groups were distinguished, 
viz. felsic, mafic and ore minerals. 'The modes are given in Table III and show 
a reasonable degree of correspondence with the normative composition. 
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DABIEE N 
CHEMICAL ANALYSES. 


No. 1 ) ES 3 Ad 5 6 7 8 9 10 11 
SiO, 50-6 | 49-1 48-8 46-49 | 59.7 51-1 48.9 45.9 49.68 | 41-15 | 48-13 
BO; 14-4 | 13-9 14:8 14-19 | 11:5 14-9 15:8 14:9 14-17 | 17kis!| 18G 
Fe,O; 1-8 4.3 1:8 1-43 3-51 9.6 1-3 5.5 0-96 1-99 5.37 
FeO 8.8 9.9 8-6 10-99 | 11:9 8-47 6.3 7.3 8.33 8.09 $-66 
MnO 0-16 | 0-28 Got || ga 0-17 0-94 0-11 | 0-95 0-17 O-18 0-93 
MO | 78 | 6-8 10-9 | 8-86 4.39 5.99 Bel S.d4 7-99 5-15 
Ca0 Jos || ag 7-8 8-07 8-05 $-07 6 ed 5-05 7-96 | 11-93 
Na,O 1-7 9.6 jo 9-01 1:70 9.58 ia N is 1:57 3.50 1-07 
HO | 0-8 0-1 1:9 1-17 0-6 1-51 1-9 3-0 9.58 0-79 0-57 
TIO;, 1-0 9.7 1-8 9.4 9.9 1-48 EE EE 1-6 1-64 1:51 
P,O; 0-08 0-93 0-91 0-43 0-17 0-98 OE OE or 0-38 0-51 0-96 
H,O-- DEE Earl 3-0 9.79 1-99 3.39 44 | dd 4.6 4.35 3-59 
HEO— O-1 0-08 0-04 0-17 0-08 0-17 0-1 0-15 0-19 0-19 0-09 
EO, ME 1-0 1:4 Ee 9.1 d.8 9-1 9.31 | 5-06 ie 
POTAL | 100-14 | 100-54 | 100-76 | 98-99 | 100-29 | 100-01 | 100-08 | 100-21 | 100-03 | 99-64 | 99-13 

TABEE 1 (cont) 
| | 

No. 19 13 14 15 Ba re || WP @. K W. 
SiO, 49-37 | 50-49 | 49-01 | 49-96 | 45-57 | 49-58 | 50-8 | 48-76 | 45-5 59.9 50-59 
ALO;, 14-33 | 15-8 17.89 | issie. 15.04 isosd N 1a 15 oes ie 15-3 14-68 
Fe,O; 9.61 1-66 1-18 9.90 9.56 9.46 9.53 |. 3-89 9.38 1-09 3.79 
FeO 8.90 | 8-43 | 10-16 8.99 8-71 8.75 8.84 | 8-71) 8-48 9.39 8-12 
MnO 0-19 0-11 0-18 Er 0-21 0-13 | 0-18 0-99 0-19 0-95 0-39 
MEO 7-09 6-99 6-56 5-37 8-59 6-87 6-79 | 6-18 | 7-62 6-18 7-04 
CaO 11-96 | 11-8 8.44 9.80 7-18 | 10-56 6-69 | 8-98 | 10-01 9.85 9.94 
Na,O 1-96 9.30 1-93 1-55 9.10 1-75 9.03 | 9-82 9.95 |. 2:34 9.68 
K,O 0-78: 0-44 oë 1-97 1:78 g.99. 1:34. ao ses 0-98 0-98 
TIO, 1-19 0-81 1-56 1-49 1-86 os ie ikos 1-85 1-19 | 1-59 
P,O; 0-3 0-9 0-28 0-35 0-34 0-95 0-95 | 0-39 | 0-54 | 018 0-37 
H,O-- 9-86 1-79 1:23 4.06 3-56 2:63 | 8-56) og op 9.75 0-91 
H,O— 0-09 0-05 0-39 0-06 0-19 0-13 | Oo T Dae ees 
CO; EE — Ee si 9.14 sv R0d se. se — 
TOTAL | 100-09 | 100-10 | 99-56 | 100-11 | 99-91 | 99-88 | 100-18 | 100-09 | 97-49 | 100-11 | 100-00 

TABLE II. 
MOLECULAR VALUES. 

EE GE VOEG IERE. ia oe vee. Veer n MR) di RE OT VON VEE EED 
Ho. | 1 9 3 d 5 6 7 ar 10 1 
si io oie ms 07e iese ao || ao N is Aid 97-9 | 118-8 
al 19-9 90-8 90-3 19-1 18:7 2E 4-4 99.0 99.3 94-0 19-1 
Pm 47-9 55-7 54-9 54-8 51-8 46-9 50-9 53.9 54-7 48-9 A7-4 
C 97-1 16-9 18-9 | 19.9 94-0 99.4 | 17:8 16-4 | 14-5 18-5 30-1 
alk 5-1 6-6 6-6 6.9 5.5 9.0 | 7-6 7-7 8:5 9.3 3.4 
me 0-57 0-47 0-65 0-56 0-35 0-49 0-66 0-59 0-69 0-59 0-40 
c/lfm | 0-56 0-30 (0-33 0-36 0-46 0-48 0-35 0-31 0-96 0-39 0-63 
E 0-95 0-093| 0-43 0-99 0-18 0-98 0-43 0-63 0-53 0-14 0-96 
z id IG EST. —17:8 94.6 | —3.-8 oos sa EE sad E30:3 5.9 


TABLE H. (eont,) 
MOLECULAR VALUES, 


TABLE IE 


MODES. 


me 


No. 


j| 


Consti- | Kata |CIP.W.| Consti- | CLP.W.] Kata | | Consti- 
tuent Mode Norm Norm tuent Norm Norm Mode tuent 


No. 


tY 


soe ELE AE 


10. 


Type 
Type 
Type 


Felsic 49-12 53. 
Mafic 46-46 44-1 49.31 Femic 39.94 Efe 36-76 | Mafic 


Ore 


Felsic 49-51 55. 
Madfic 45-95 49- 
Ore g 


Felsic | 59-88 | 54: 
Mafic 
Ore 


68 Salie N 544 57.3 | 56-44 | Felsic 


rm 
dil 
O 


4.4 | 2-6 4.53 Ore 936 5:7 6279 | Ore 


Felsic 58-91 57-8 54.96 Salic 57-16 59-5 58-05 | Felsic 
| Mafic 30-77 35-4 99-3 Femic | 382.76 36-9 37-8 Mafic 
Ore 


| 10-29 | 6-8 11-48 | Ore | 6-6 3-9 | 4:14 | Ore 


59:85 Salic 54-89 56- 50-18 | Felsic 
Femic 37-85 36- 46-09 | Mafic 
4.99 Ore 6-69 9.5 3-79 | Ore 


Go ID OI 
id] 
OO 
de] 
OO 


Salic 58-53 61:2 | 61-44 | Felsic 
Femic 31-65 35:2 85-3 Matfic 
451 ad 6-65 Ore 5:99 3-6 8-26 | Ore 


Oo 
ep] 
d]l 
GO 
Hd 
do 
ma 9) 
de 
OO CO 
died 
did! 


dj 


op] 


1a 


Coarse-grained Dolerite, Klipdrift, Porterville. Analyst: C. F. |. v.d. Walt. 


Fine-grained Sheared Dolerite, Die Poskantoor, Porterville. Analyst: C.F.J. v.d. 


Walt, 


Medium-grained Dolerite, Ruigtevlei, Porterville. Analyst: C. F. |. v.d. Walt. 


Coarse-grained Dolerite, Vogelvlei, Gouda. Analyst: C. |. Liebenberg. 
Porphyritic Dolerite, De Tuin, Porterville. Analyst: C. |. Liebenberg. 
Fine-grained Dolerite, Smitsfontein, Malmesbury. Analyst: @. C. Bouman. 
Fine-grained Dolerite, Matjesrivier, Porterville. Analyst: C. F. J. v.d. Walt. 
Fine-Grained Dolerite, Volstruisdrif, Porterville. Analyst: C. F. |. v.d. Walt. 
Fine-grained Dolerite, Klipfontein, Moorreesburg. Analyst: C. |. Liebenberg. 
Dolerite, Kanonkop Hills, between Moorreesburg and Riebeek West. Analyst: 
Ferreira. $ 
Dolerite Dyke above old reservoir, Worcester. Analyst: F. Bellstedt. 
Dolerite Dyke north of Goorreeshoogte, Robertson. Analyst: F. Bellstedt. 
Dolerite Dyke at Tulbagh. Analyst: H. Strydom. 

Dolerite from borehole at Ongegund, Riebeek West. Analyst: P.L. de Bruyn. 
Medium-grained Dolerite, Klawervlei, Malmesbury. Analyst: @. C. Bouman. 
A. Average calculated from Analyses 3, 4, 8 and 10. 

B. Average calculated from Analyses 1, 11, 12, 18, 14, and 15. 

C. Average calculated from Analyses 2, 5, 6, 7 and 9. 


W.P. Average Western Province Dolerite. (See Bibliography 1.) 


E 
K. 
W. 


Average George Dolerite. Ouoted from C.T. Potgieter. (pp. 3895) 


EE Nie 


Average Karroo Dolerite, calculated from 15 newer analyses of Karroo Dolerites. 


Average World Dolerite. Ouoted from R. A. Daly and T. F. W. Barth. 


N 
“O 


6-6 
9.9 
0- 


0-6 


11 
IN 
33-3 

0-69 

W. 
14- 


10 
8.8 
10-4 
1-9 
0-44 | 
6) 
A 
0-3 


1 


0-45 
0-42 
56 


0-51 
0-19 
0-41 
0-97 


0-43 
5-6 
vd 


14:6 
18-6 
10-7 
0-9 
da 
33:4 
ge 
3.7 
18:5 
10-8 
9.7 
1 
38-6 


10-1 


0-55 
0-49 
0-45 


6-9 
17-9 
0-9 
16-8 
9-4 
6-2 
1- 
0-3 
85-7 
85-9 | 
0-48 
W.P. 
4-8 
15-5 
5.3 
18-4 
3-6 
1: 
0-9 
28-9 
35-8 
35-9 


0-43 
0-41 
0-43 


0:3 
34-4 

0-52 

2:9 


9-9 
18-9 
0-3 
18-6 
8-2 
0-7 
36-1 
29-6 
5-0 
jo 8 
2-3 
15-0 
0-6 
33-9 
82-6 
33-1 


0-48 
0-48 


14-7 
14-9 
Gi9 
(2E 
10-6 
2-8 
39-3 
34-5 
83:5 
0-41 
(cont.) 
4-8 
9-8 
18-9 
6-8 
2-8 
de) 
0-8 
32:6 
39:5 
as 
0-58 
0-20 
0-40 
0-93 
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2.9 
5-6 
9.8 
14:8 
4-0 
0-8 
37.9 
26-3 
9.55 
6-4 
12-1 
17-9 
2.3 
9.8. 
0-6 
27.0 
35-7 
37.9 


14-8 
MOLECULAR NORMS. 


MEE ES 


0-48 
0-07 
0-54 
0-26 


TABEE TY 


16-3 
4-5 
19-3 
18-7 
26-9 
0-51 
15 
7-4 
8-8 
5:7 
10- 
(Ee) 
38-7 
34.9 
32-1 


4-5 


BASIC MOLECULAR NORMS. 
BASIC 


0-58 
di ia 
0-39 
1-02 


6-9 
16-9 
9.5 
92-0 
10-5 
jie 
0-9 
0-3 
0-51 
14 
5-9 
10-6 
12-4 
1- 
0-6 
31-8 
37-11 
31-9 


0-57 
0-06 
0-48 
0-68 


1 


EES 


0-4 
14-9 
16-5 
15- 
4-8 
2-0 
0-3 
0-52 
0-04 
12-8 
8. 
10-2 
0-6 
0-3 
31-8 
33.8 
34-6 


0-58 
0-24 
0-40 
0-80 


3-1 
9-3 
18-1 
7-9 
16-2 
10-6 
39-6 
30-5 
36-9 
0-2 
12 
1 
17-9 
8-3 
15-6 
2-8 
0-9 
0-3 


OË 


0-55 
0-23 
0-42 
0-77 


No. 
No. 
Ru 
Cp 


Ne 
Gal 
Cs 
Fo 
Fa 
M 
Ne 
Cal 
Cs 
Fo 


Kp 


E oo 3 9 
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TABIEE V. 


, MEAN le A Ga EO 
“leodls-ool] lle 
mm OO mm mm d 
DANOD Do - AA 
EN Fee By `N Ee Ses DA ae 
ON en mm 
Oom 0 ED EED 
D OO 'D N MO HO O 
mm mi ON ON mm 
ES N OR AA ES ED en 
@O Dm D — EA OD co OO 
——A as] 
TT TO Te) ES ES 
n ss) N OD OO — NOS 
si mm mm OO ON mm 
aa 
O 
7 &) IN ED TA es) IN — 
r D os oe N AS | EA E Oo 
ON AA mm 
-d 
ii 
—] 
D 
is OO Oo ID RUN O mi ES 
S 'o €9 ES MR ES 
mm OO mm al 
@ 
Es a” 
E ORE HOG ANESO SY Do 
Es IE C SS ONSDLOR — Oo 
MA mm Oo mad 
id 
TT N HODOH R op 
D — N D NOOOPRSOR SS 
mm mm A A 
Oo EO 0 OS 
N OT OD | | - AO 
AN AA ON 
AA D Oo o NES 
je N IN O NE AA | II ml SS 
alles! es 
o - 
& so BR ARE Sa Ad ees 
“OO aEER BOER ES CO OER 


(cont.) 


TABLE Vr 


MOLECULAR NORMS. 


KATA 


N de SS “DERS Es 
es OPRIG ae EG IE VERE 
ON AA in! 
S 
. ID ER ADA es) Som 
Md OD — Eg sole er MY ME EKS 
AN AA dT 
. WED EO AATEDIPDAER Te 
) SO AO DIO EO SA — 
OE al 
D. oo ES EN EO RU ES ED TO 
Ee OD N N IN ESOOSOAESO — Oe 
Es Aa Er 
ES Ee — ON on) € ED EO 
EE RE MO EES 
mm ON ON 
E) ES — co OS 
m OD Om Sol! es) EE 
mm OD mm mm 
PAR N OOKOR EO TED 
SES] EE E er MS 
mm OA AN il Ma] 
Oro Oom Te) Sa 
— TO DIN la OO 
mm mi OD mm ma 
ae oi. Te) EO N DO DO EP EO de) 
mm mm 
d ED Oos os Oe 
aa ese ME ES 
ON AE 
PR ON IN et ries OO SS PD EO 
ey Ml ee eN EE N SE SE 
| mad mm AR 
— aa vo Eis EE. EE 
$ Ee 2 m AR SASIE ES E 
O da RAEO RE HO AU A 
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TABLE VI. 
C.ILP.W. NORMS. 


ma N RA EE Pe EE N OE 
No ed 9 3 4 5 6 7 8 9 10 1 
| 
9.34 654 || — dT 14-64 | 8-06 | 3-54 3:78 rei ky ME MG 
5-0 @.58|) yiiar N oiog 3-84 | 8-90 | 11-12 | 17-79 | 15-57 | 5-0 | 8-34 
| 14-15 | 22-01 | 14-15 | 16-77 | 11-15 | 99-01 | 14-15 | 9-oë | 18-10 | 20-44 | s-el 
29-19 | 25-85 | 27-94 | 25.85 | 21-96 | 22-53 | 28-63 | 96-41 | 22-59 | 28-63 | 29-47 
Ed — — — - se sa yl ee 483 || es 
EE MOE Mis He s- — N 051] — — 
SiO, 9.74 1:74 ase “dar 7-19 | 6-61 0:85: | 1-28) 173 AO EE 
f MSSiO, 5-60 1-00 9-10 2-80 | 3-10 |' 3-10 0-2 1:00 | diie 
'EFesiO; | 3:70 0-66 | 1-06 1-85 '| 4ioo| aas oi eis 3| 2-64 
|f MgSiO,] 13-90 | 16-00 | 16-69 | 11-40 | 7-70 11-70 | 20-10 | 17-50 | 21-10 5-80 
FesiO, | 9-87 9-90 | 8-45 7-99 | 10-16 | mee) . s-05 || 1219 | Has | EER 
fMeSIO,] — Es 4-76 | 5-53 — || — im ms Ma ss 
| Fesio, — | — s6 Ete ai ie — || —|ise] — 
|| 255 6-96 1:86 | . 2:09 | 8-10 | 8-71) 871 15.78 | za | Ga EDE 
) | 1-98 | 5-17 | 948 | 4-56 | 4-26) oge. 1-67| 8-95 | 3-04 | 3-04 | 2-89 
0-34 0-34 0-84 | - 1-01 0-84 | 0-67 | 0-34 | 0-84 | 1-01. 1:34 | 0-67 
TABLE VI. (cont.) 
CIP.W. NORMS. 
) 
EN 1e N 18 14 ad ME EG W.P. EN K. W. 
N Ne ! - ' s tes i d Ty AE EA ME oe 
EE RE N As8 2-88 | 5-88) — lae 
| ED 9.99 | 8-34 | 11-68 | 10-01 6-12 | 7-78| 7-78 | 8-34 | 6-12 | 6-12 
| 16-77 | 19-87 | 16-24 | 18-10 | 17-89 | 14-67 | 17-29 | 93-58 | 18-86 | 19-39 | 28-06 
| 27-52 | al-eg |. 34-47 | 28-36 | 26-97 | 30-02 | 24-46 | 25-09 | 28-91 | 28-35 | 24-74 
| Ed ss Ee AE. ET ke | E ee “N 
r HE — — — it ss ss si E — ss 
[ CaSiO; 11-14 | 10-90 1:97 | 7-49 3-02 | 9-05 3-02 | 7-19| 7-19 | 8.24 | 8-98 
4 MESiO| 6:90 7-80 1-00 | 4-00 1-90 | 5-00 1-70 | 4-10 | 4-50 | 4-10 | 5-40 
#Fesio,| 3-56 | 2-77 | 0-ea| 8:17 | 098) 8-70) 119) 277 | 294 | 896 BOU 
|  MeSiO,| 10-60 | 8:30 | 14-60 | 9-40 | 9-40 | 10-90 | 16-10 | 9:80 | 9-40 | 11-30 | 10-70 
FesiO;| 5-41 8.58 | 13-86 | 7-66 | a-ag| 8-32 | 10-48 | 6-07 | 5-68 | 10-96 | 5-68 
#Ms,SO, — EE Dase| TA — — 1:47 | 8-64 | — 1-05 
(Fe.sio, | EE — 0-61 EE 4-08 — s 1-12 | 9-% — 0-71 
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The dz. values of the analysed specimens range from 25 to 39, and the 
normative olivine content ranges from (0 to 10%. An exception is found in 
analysis No. 10, which shows 27% of normative olivine and 5% normative 
nepheline. Tt is clear, however, that in general the rocks are saturated with 
regard to silica, though the rocks which show more than 5% normative olivine 
are in reality slightly undersaturated. 'Type A shows 11% normative olivine 
With a composition of Fo,, Fa, whereas both Types B and C contain normative 
duartz, 2.88 and 5.88 resp., which is reflected in thin section by the presence of 
microgranophyric intergrowths. 
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The normative content of the feldspars remains relatively constant in all 
three types, while the femic constituents vary considerably. 'This variation is 


especially pronounced as far as the ratio of normative diopside to normative 
hypersthene is concerned. 


In Type A the ratio is as 5.8: 14.2. 
In Type B the ratio is as 17.7: 19.1. 
In Type C the ratio is as 5.9: 95.5. 


The much higher ratio of diopside to hypersthene in Type B is ascribed to 
the high C and low fm values of the rock, the entrance of lime into the 
Ccomposition of the normative pyroxene accounting for the increase in 
amount present. si 

A consideration of the diagram reveals the fact that Types A and C are 
essentially the same, except for the degree of silica saturation which may be 
a normal magmatic process. Type B, however, has a higher lime content which 
is refiected in the normative composition of the plagioclase: 


Type A: Normative Composition of Plagioclase Ab, AN 
Type B: ys : ` Ab AN. 
Type C: N) ty] ] HY] AD AN, 


The low value of fm in Type B may possibly be ascribed to a variation in 
the composition of the pyroxenes, but definite proof to substantiate this view 
could not be obtained. 
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ABSTRACT 


In this study a petrographic comparison and evaluation was 
attempted. Applying the grain-count-percentage and elongation-index- 
freguency methods, it was found that the duartzites in the two areas 
of occurrence of the Rooiberg Series (Transvaal) in the main had 
dissimilar provenances. It is intimated that further correlative work 
especially in the Pretoria Series, is reguired for a complete comparison 
of the Rooiberg and Stavoren regions of occurrence of the Rooiberg 


sediments. 
CONTENTS 
Page 
1 INTERODUGTION ||. N 308 
II. GENERAL GEOLOGY OF THE ROOIBERG AND 
STAVOREN-—VLAKFONTEIN AREAS .. . 309 
TT EIELD SAMPLING AND METHODS OE 
SEPARATION OF THE HEAVY MINERALS .. d12 
IV. PETROGRAPHY Ë y ” ' d. 315 
V. CORRELATION : E Ai E N 320 
VI. CONCLUSION s P. oe E si f ii 321 


VII BIBLIOGRAPHY  .. he " sie oë ad 


308 


1. INTRODUCTION 


During the periods when research work on the Waterberg System, Rooiberg 
Series and Pretoria Series was conducted, much difference of opinion arose as 
to the stratigraphical period to which the Rooiberg Series is related. 

The guartzites, shales and associated felsites which are typically developed 
in the Rooiberg 'Tinfield area, and which today are classified as the Rooiberg 
Series, were originally included as part of the Waterberg System. 'This 
inference, although today considered irtaccurate, is naturally pardonable 
considering the misleading similarity of colour existing between the Waterberg 
sediments and the Rooiberg Series. 

In 1902 E. T. Mellor found that the Waterberg sediments contain pebbles of 
the Red Granite of the Bushveld lIgneous Complex, and thereoi submitted 
evidence to prove that the Waterberg System is of much later formation than 
the felsitic rocks of the Rooiberg (4). Pioneer work done in this field by 
Hall, Daly, Wright and Molengraaf established the fact that the felsites and 
their associated sediments are separated from the so-called “Upper Waterberg” 
by an important stratigraphical break (1). Although in some places no evident 
discordance has yet been detected between the two formations, the felsites and 
associated duartzites have been grouped in a separate series. 'This series has 
been named Rooiberg after the Rooiberg area where they are typically 
developed. 

The Rooiberg Series, however, so closely resembles the beds of the Pretoria 
Series that when first mapped by the Geological Survey they were provisionally 
included in the latter group. 'This resemblance between the individual beds of 
the two series has consedguently given rise to an acute problem, which is often 
encountered when studying the sediments regarded as belonging to the Rooiberg 
Series, especially when these are situated some distance from the Rooiberg type 
locality (2). The felsites and duartzites occurring in the Stavoren area have 
been mapped as part of the Rooiberg Series, although these rocks closely 
resemble some types of the Pretoria Series. Owing to the location of these beds 
some distance from the type locality and because all connection with either 
the Pretoria Series or the Rooiberg Series has been obscured by the intrusion 
of enormous masses of Bushveld Granite, some doubt exists among geologists 
as to the true relation of this group to either of the above-mentioned series. (On 
account of this difference of opinion it was suggested that a comparison between 
the heavy minerals of the Rooiberg duartzites and the Stavoren—Vlakfontein 
duartzites might lead to a better conception of the position occupied by the 
Stavoren—Vlakfontein duartzites in relation to the Rooiberg sediments. 'The 
present paper, therefore, is an attempt to correlate the heavy minerals of these 
two areas, and was undertaken at the suggestion of Dr. J. W. Willemse and 
Mr. J. T. Wessels, both of the Union Geological Survey. 'To these two gentlemen 
the writer wishes to acknowledge his indebtedness for suggesting this avenue 
of research and for invaluable aid rendered in the field. Sincere appreciation 
is also expressed to Professors D. L. Scholtz and M. S. Taljaard for their 
sistained interest and able guidance during the course of this research. Special 
tianks are due to Mr. J. T. Wessels who kindly collected and forwarded the 
rock samples of the Stavoren—Vlakfontein area. 
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H. GENERAL GEOLOGY OF THE ROOIBERG AND STAVOREN— 
VLAKFONTEIN AREAS AND SELECTION OF 
REPRESENTATIVE SAMPLES 


A. THE ROOIBERG AREA 


The Rooiberg Tinfields of the Transvaal are situated between S. latitudes 
24' 43) and 25” 0' and E. longitudes 27” 34/ and 97* 56', lying approximately 40 miles 
west of Warmbaths, the nearest and most convenient railhead. 'The area 
becomes rather hilly as Rooiberg is approached in a westerly direction from 
Warmbaths. This uneven and hilly nature of the country is in strong contrast 
with the more even and undulating surface produced by the enormous masses 
of Red Granite of the Bushveld Igneous Complex surrounding the Rooiberg 
sedime7taries. The climate is sub-tropical With a summer rainfall from 
November to April. The Crocodile River and its tributaries have been formative 
agents contributing to the general surface features of the whole area. 

The only important river of considerable size in the area is the Zand River, 
which is a tributary of the Crocodile River, joining the latter to the north of 
Wachteenbietjie Drift. It contains no surface flow during the dry season. 'The 
Vaalwater which joins the Zand River on the south, ten miles from its 
mouth, has a few perennial tributaries flowing from Boschofsberg and 
Elandsberg, but the water soon disappears in the bed of the larger river. 


DISTRIBUTION OF THE ROOIBERG ROCKS 


Occurrences of Rooiberg Series are almost entirely confined to a roughly 
triangular area which is completely surrounded by the vast foundation of 
Red Granite. A notable exception is a short faulted contact against the dolomite 
of the Transvaal System in the south, but this comprises only about one 
thirteenth of the periphery. It is assumed that no substantial portions of 
foreign formations are likely to be found wedged between the floating Rooiberg 
Series and the supporting foundation of Red Granite. 

The uppermost members of the Rooiberg Series, namely the felsites, are, 
owing to their hard and durable nature, well preserved in the Elandsberg and 
Rooiberg synclinal troughs which appear to the north and south-east of the 
area respectively. A broad anticlinal #fiexure appears between these two 
troughs. The north-eastern termination of the fiexure is marked by a tract of 
hilly country composed of indurated duartzites, while on the south-western 
limit of the flexure the highest ground in the area is reached on the 
Boschoffsberg. This prominent highland is built of granites and granophyres 
and capped by indurated auartzites. 

The lower half of the Rooiberg Series is composed of hard, weather- 
resistant duartzitic rocks, while the upper half consists predominantly of 
volcanic rocks. Samples of the whole succession were taken along the dip 
direction of the beds from the lower member of the Series on Boschoffsberg to 
the uppermost guartzitie horizon on Elandsberg. 'These samples were labelled 
R,R,R,R,R, R, R, according to the respective horizons from which they 
were taken, in an ascending order from the underlying granite to the felsites 
which serve as a marker horizon for the top of the succession. These symbols 
will be used in the subseguent chapters to indicate the different horizons. 
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1. The Basal Horizon 


This horizon consists of hard, white, well-bedded, much indurated dguartzites 
locally silicified and feldspathised, of which the exposed surfaces are typically 
pock-marked owing to the low resistance offered by the feldspars to the 
weathering agents. Progressing from the base to the top of the arenaceous 
Ssuccession the duartzites become more and more feldspathic, and on nearing 
the top of the horizon are found to be massively cross-bedded in structure. This 
SUuccession may on grounds of general lithological characteristics be subdivided 
into a lower 1,000 feet of indurated duartzite (R,) followed by about 1,100 feet 
of “ceross-bedded duartzites” (R,) overlaid by approximately 400 feet of “shaly 
duartzites” which have a sharply defined contact with the cross-bedded 
duartzites. About midway between the base and the top of the indurated 
duartzites a narrow conglomerate horizon (R,) is encountered. 


2. Main Shaie Horizon 


The Main Shales conformably overlie the Shaly @uartzites. This shale 
horizon also serves as a persistent and definite marker. 'The top of the uppermost 
duartzitic band of the Shale @uartzite zone is taken as the base of the 
Main Shale. 'The thickness of the zone varies from 350-400 feet and consists 
of soft micaceous as well as hard flinty indurated varieties. Occasional thin 
arenaceous bands are found at the base of the zone. 


3. Smelters Kop Horizon 


An irregular hard, white and usually massive duartzite horizon with 
occasional pebble bands and agglomeratic facies sharply terminates the Main 
Shale zone. Owing to its hard and durable character, this duartzite horizon, 
forming a distinct marker over the major part of the area, gives rise to 
prominent ridges. 'The term “Smelters Kop @uartzite” (R,) designating this 
horizon has been given after the prominent hill of that name just north of 
the Rooiberg village. 'The hill is capped by this duartzite horizon, which varies 
in thickness irom a few feet to over a hundred feet. 


4. Upper, Middle and Lower @uartzites of the Volcanic Stage 


Immediately following on the Smelters Kop @uartzites at the base of 
Elandsberg, thick flows of amygdaloidal andesitie lava appear, alternated with 
three different feldspathic auartzites of the Volcanic Stage. 'These resistant 
bands referred to as (R;), (R,) and (R,), not being so susceptible to disintegration 
and the action of weathering agents as the interbedded lavas, now appear as 
prominent ledges along the steep slopes of the mountain, and are silhouetted 
as strong promontories on the “visual” horizon. 


5, 'The Felsites 


The felsites sharply overlie the uppermost bed of the Volcanic Stage and 
consist of hard, glassy, pinkish-brown rock commonly containing numerous 
phenocrysts of pink feldspar. 'The formation is irregularly jointed and vesicular 
structures are often encountered. These felsites, 900-1,200 feet in thickness. 
cap both Elandsberg and Rooiberg where they are not superseded by any 
other formation. 
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B. THE STAVOREN—VLAKFONTEIN AREA 


The Stavoren—Vlakfontein area is situated at $S. lat. 24* 50, B. long. 29” 20. 
(Stavoren lies roughly 60 miles south-east of Warmbaths.) 

According to J. 'T. Wessels the series of sediments occurring in the 
Stavoren—Vlakfontein area is in many respects similar to the series just 
described. In spite of the considerable distance separating the two formations, 
they so closely resemble each other as to justify a tentative correlation. 


The hand specimens from the Stavoren—Vlakfontein area have been sampled 
in the same way as those from the Rooiberg area, and are termed $S, 'S. 
the alphabetical symbol (S) denoting samples from this area while the 
numerical indices refer to the different beds in ascending order from the 
comparable basal horizons. 


LOCATION AND SELECTION OF SAMPLES COLLATED 


1. First or Lowest Horizon 


The sample (S,) represents a duartzite occurring at the contact between 
granophyre and duartzite at Stavoren 470. 'This auartzite occupies a similar 
position in the lithological sedguence to that of the indurated duartzites (R,) 
appearing at-the base of the Rooiberg Series on Boschoifsberg. 


?. Second Horizon 


The conglomerate (S,), taken at Rooibok, approximately 200 yards south of 
the mutual beacon between Stavoren 470, Kwariehoek 400 and Rooibok 38T, 
closely resembles the conglomerate (R,) occurring a few hundred feet from the 
base of the indurated duartzites on Boschoffsberg. 


3. 'Third Horizon 


The guartzites (S,), midway in the succession between the second horizon (S.) 
and the base of the Main Shale zone, of which outcrops occur near the 
Mutue—Fides—Stavoren road on Saxonia 433, closely resemble the cross-bedded 
guartzites (R.). Samples of the latter (R,) were taken from outcrops occuUrring 
along the Rooiberg-—Weynek road approximately 500 yards south-west of the 
Rooiberg school. 


d. Fourth Horizon 


The white guartzites (S,) taken from Vlakfontein 409 correspond closely in 
colour, texture and position in succession to the Smelters Kop duartzites (R,) 
taken from an outerop on the appropriately named Smelters Kop just north 
of Rooiberg village. 'The remains of ancient tin-smelting works are still to be 
found there, but little is known of the historical background. 


BI) 
5. Fifth Horizon 


The guartzites (S,) occurring on Cyferfontein 530 just above (S,) occupy a 
position in the Stavoren—Vlakfontein group, similar to that of the Lower 
duartzites (R.) of the Volcanic Stage at Rooiberg. Outcrops of the Lower 
duartzites are found to form a prominent ledge along the slopes of Elandsberg. 


6. Sixth Horizon 


The tuffaceous guartzite (S,) occurring at the foot of the Rifontein inlier 
may be correlated with the Middle duartzites (R,) of the Volcanic Stage 
appearing in the form of a ledge on Elandsberg. 


7. Seventh Horizon 


The tufaceous guartzites (S,) taken from the crest of the Riffontein inlier 
may be correlated with the Upper duartzites (R,) of the Volcanic Stage. 

It should be mentioned here that no samples of the Main Shale zones and 
the Shaly guartzite horizons were collected for purposes of collation owing to 
the negligible heavy mineral contents. Their sizes render microscopic 
investigations difficult and impractical. 


HI. FIELD SAMPLING AND METHODS OF SEPARATION 
OF THE HEAVY MINERALS 


The occurrence of numerous natural exposures which were easily accessible 
greatly facilitated sampling of the auartzites in the two areas. Sampling was 
effected at chosen intervals along and transverse to the strike of the beds. 'The 
intervals depended on the extent of the deposits, persistency of the lithological 
facies and topographical and structural considerations. Sampling of the two 
lower divisions of the series, which are the thicker members of the series and 
which vary considerably in lithological facies as `well as degree of 
reerystallisation, was conducted by taking samples at very short intervals. The 
other members of the series at Rooiberg show a marked degree of homogeneity, 
"so that adeguate amounts of material could be taken from proximate points to 
make up one sample which is taken as representative of that particular horizon. 

The samples taken were hard duartzites which had to be crushed 
mechanically for screening through a 90 mesh sieve. 'The dust and fines were 
washed away after the coarser material had been allowed time to settle 
down. Representative samples of 100 grammes each were obtained by coning 
and duartering the total sample. 'The heavy concentrate was recovered after 
a separation, by means of heavy liguids and by removing the magnetic portions 
by means of an electromagnet. 

Tentative heavy liduid separations were carried out with bromoform, to 
remove duartz and other mineral grains with an S.G. lower than 2.9. 'The 
minerals which sank in this liguid were collected, washed, dried, weighed and 
labelled “Heavy Concentrate”. 'The strongly and moderately magnetic minerals 
were removed from the heavy concentrate by means of the. electromagnet and 
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TABLE 1. 
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termed '“Magnetic Fraction”. Subseguent treatment with Methylene iodide 
yielded unsatisfactory results. It was, therefore, considered irrelevant to pursue 
separation any further than the bromoform stage. 'This concentrate vielded 
not only the heavy minerals, but also some duartz grains which had small 
adhering magnetite particles. 'The weight percentage of the heavy minerals in 
Table 1 does not make any provision for these contaminated duartz grains. 

Generally speaking the grains of the heavy minerals were coated with 
iron oOxides to such an extent as to render optical investigations inaccurate. 
The heavy concentrates were conseguently boiled with 30% hydrochloric acid 
solution, to clear the grains. In order to execute grain counts and size 
measurements of the zircon grains, fractions of the heavy concentrates were 
mounted on glass slides by means of aroclor resin. This method of mounting 
with aroclor resin has been found to be more effective than the generally 
practised method employing Canada balsam, Which by reason of its slow 
setting properties involves a loss of time where a large number of slides have 
to be dealt with. 'The utmost care had to be exercised to obtain representative 
fractions of heavy minerals for these mounts, since the zircons showed a 
tendency to adhere to the sides of the glass receptacles. 

Measurements of the zircons were made whilst traversing the slides. 'The 
true length and breadth were measured of each grain. 


IV. PETROGRAPHY 


1. Zircon 


Althoush the zircons of both successions have many characteristic features 
in common, there exists a great disparity in their apposed grain counts as is 
evident from Table 2. In general three varieties of zircon are recognised, namely: 


(a) a brownish coloured, 
(b) a white, and 
(C) a pinkish variety. 


(a) The brown zircons enjoy the widest distribution, occurring in all the 
concentrates examined. 'These zircons probably owe their colour to the 
infiltration of iron oxides into microscopical cracks which are 2a common 
feature of this variety. With the exception of the brown zircon occurring in 
the Conglomerate bands (R,) and (S,), they are all characterised by zonal 
structures. Basal partings are not uncommon in this type of zircon. 'There 
is, however, a marked divergence in the types of inclusions present in the zircon 
grains. Some are characterised by foreign acicular mineral inclusions, and 
others freguently contain minute dust-like inclusions as well as gaseous 
bubbles. In some instances no inclusions were observed. 


(b) The white zircons occur in relatively small amounts in the concentrates. 
Zonal structures are rarely observed. 'The cracks which occur in these grains 
do not favour any particular orientation. A few white zircons exhibited 
numerous fine striations which lie in a plane containing the c-axis. In such 
cases the interference figure is biaxial with a small axial angle. According to 
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Winchell this optical anomaly is probably due to alteration. Other investigators 
maintain that this feature may be ascribed to unegual crystal heating, or to the 
presence of polysynthetic twinning lamellae in such crystals. 

The colourless zircons, though commonly free from inclusions, may contain 
liduid and gaseous bubbles, and often rods of an unidentified colourless mineral. 
The inclusions are generally distributed at random, although a few needle-shaped 
inclusions lie parallel to the c-axis of the zircon grains. 


(c) A few pale pink grains were observed in the concentrates from the 
horizons (R.), (R) and (S,). Zonal structures are rarely observed and the 
grains show a weak pleochroism varying from pinkish to pinkish-brown. (Cracks 
are numerous but do not favour any particular direction. 


The pinkish grains of zircon in (R.) fredguently show subsedguent growths 
of zircon around a previously rounded core of pink zircon. Grains exhibiting 
signs of crystal repair are usually accompanied by large numbers of cracks 
which radiate from the cores. lInclusions have a tendency to lie parallel to the 
vertical axis of the crystals, though divergent directions of orientation 
freguently occur. 

Although a similarity exists between the characteristic features of 
the zircons from the two successions, it is possible to distinguish the Smelters 
Kop duartzites from the duartzites of (S,), and also the Lower duartzites of 
the Volcanic Stage from the duartzite (S,), on grounds of their characteristic 
features. 'The Smelters Kop zircons have a brownish colour and are often 
zoned, and the white zircons do not exhibit this feature. [Fig..1 (e) and (c) 
respectively.] No inclusions were observed in any of the Smelters Kop zircons, 
while the white zircons of (S,) are characterised by the fregueat occurrence of 
inclusions [Fig. 1 (b) 1. Zoning in the brown variety is rare and the grains 
are definitely more cracked, especially parallel to the basal pinacoid. 'The 
Lower duartzites of the Volcanic Stage contain numerous pink zircons showing 
siens of crystal repair which is not exhibited by those of (S,). The zircons 
of (S,) are further characterised by the presence of numerous acicular and 
angular irclusions [Fig. 1 (f) 1, while those from the Lower duartzites (R;,) 
rarely contain any. i 

The average elongation indices given in Table 3 are found inadeduate to 
indicate the general degree of rounding of the zircon grains, since the low 
elongation indices characterising those of the Rooiberg area may probably be 
attributed to the disintegration of original crystals along basal parting 
planes. 'The comparative deductions based solely on the average elongation 
indices may, therefore, lead to confusion. In order to overcome this and to 
obtain values with the desired degree of accuracy, the salient characteristics. 
of 300 zircons from each sample are graphically compared in Diagram 1. 'The 
solid circles in Diagram 1D represent the calculated centre of distribution of 
the Rooiberg zircons, while the white-centred circles represent the calculated 
centre of distribution of the Stavoren—Vlakfontein zircons. 

From the same diagram it is apparent that the zircon grains of the two 
successions fall well within Smithson's (6) range of sedimentary zircons with 
elongation indices ranging from 1.0-2.0. The diagram, further, illustrates that. 
the range of elongation indices of the zircons of sedimentary origin transgress 
into the range of indices of plutonic zircons, which is in accordance with 
Smithson's conclusions. 
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Although the R- and S-curves in Diagram 1 show a marked similarity of 
form, there are a few essential differences suggestive of two different 
provenances for the two successions. 

In general the zircons of the Rooiberg area are much better rounded than 
those of the Stavoren—Vlakfontein area, the only exceptions being those of 
(R;) and (R,). 'The zircons of the cross-bedded dguartzites (R,) show the least 
effect of abrasion of all the zircons in the horizons examined. 'This small 
effect of abrasion, together with the massively cross-bedded nature of these 
duartzites, is indicative not only of rapid transportation, but also of rapid 
sedimentation in shallow water conditions. In (R,) rounding of the majority 
of the zircons was affected more or less to the same degree as those of the 
Stavoren—Vlakfontein area (S,), but the presence of plutonic zircons in the 
former, indicated by the second peak on the curve, has the effect of depressing 
the primary peak of the curve (RA). 'The respective length and breadth 
freguencies (Diagram 1B, and 1C,) of the zircons from these horizons exhibit 
a marked similarity, normally expected of zircons which have suffered the same 
degree of rounding and originate from the same provenance. However, should 
two groups of zircon grains from the same provenance and of identical average 
dimensions be subjected to infiuences of different abrasive intensity, the group 
subjected to the more severe infiuence of rounding will exhibit a more pronounced 
decrease in grain size, and vice versa. Evidence of wear along the longitudinal 
plane will be less marked than on the ends of crystals, where the force of 
abrasion will have rounded the edges of pyramidal faces to such an extent as 
to result in the predominantly oval shape of these zircons. 

From the above and from the observed actual micrometric data on the 
collated zircons of (R,) and (S,), (R) and (S,), (R.) and (S.), and (R,) and (S,) 
it may be concluded that the respective horizons have originated from the 
same or nearly similar provenances. Contrariwise, on collating the zircons of 
the horizons (R,, (R,) and (R,) with (S,), (S,) and (S,) respectively, it is 
evident that these different horizons have originated from unrelated provenances 
clearly indicated by the average greater grain size, albeit more intensive rounding 
ot the R-zircons, as distinguished from the smaller though comparatively less 
rounded S-grains. 

Another interesting feature of the zircons is illustrated in Diagram 1D, which 
clearly shows that the zircons, both in the Rooiberg and Stavoren—Vlakfontein 
duartzites, tend to decrease in average grain size from the base to tie top of 
the succession, but as this decrease is more rapid in the Rooiberg succession 
than in the Stavoren—Vlakfontein Series, the average size of zircons in (S,) 
and (S,) exceeds that of zircons in (R;,) and (R,). A notable exception is, 
however, (R,) in which the zircon grains not only surpass in size those of 
(R) and (R,) of the Volcanic Stage, but also, owing to an unprecedented 
increase in size, those of (S,). 


2. 'Tourmaline 


The minerals usually occur as flaky and angular fragments. The degree of 
rounding is less pronounced than in the zircon grains. Three principal varieties 
of tourmaline are recognised in the sediments of the two areas: 
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brownish-black 
€ colourless to pale brown 


(a) Brown Tourmaline 


€ colourless 


(C) Green Tourmaline w blue-green or dark green 


! 
l 

(b) Blue Tourmalimne | o blue-black 
| 
| toe 
| e brownish-green 


The brown tourmaline is by far the most abundant variety, while green 
tourmaline is duite rare. Zoned tourmalincs are uncommon in the concentrates 
and are freguently characterised by striations parallel to the c-axis. JInclusions 
are not arranged according to any particular pattern and are generally 
needle-like and in habit too minute to render optical investigations possible 
(Eie. 2 GE 

From Table 2 it is evident that the majority of tourmaline grains occur in 
the duartzites of the upper divisions of the two successions. 


3. Rutile 


Rutile is encountered in the following horizons: R, RR, S, R, S., R, S, 
R, $, and R,.. 'Two contrasted types of rutile are observed in the concentrates 
from the two areas, namely, a reddish-brown and an amber-yellow variety. 'The 
£grains are usually irregularly fractured. Geniculate twins and sagenitic twinning 
are often encountered in the rutile grains. A few of the grains tend to be 
slightly pleochroic, especially those grains exhibiting polysynthetic twinning 
lamellae. Cleavage in one direction parallel to ihe length of the crystals is 
present. No inclusions were observed in the rutile grains. 


4. Garnet 


This mineral is only found in the duartzites of the Seventh Horizon of 
the Stavoren—Vlakfontein area. 

Spessartite is the only variety present. 'The grains exhibit no crystal faces 
and the surfaces are finely and unevenly pitted. 'The grains, further, exhibit 
a conchoidal fracture [Fig. 1 (g) 1]. The mineral has a pale salmon pink tint 
which occasionally varies to a pale purplish-pink when observed under the 
microscope. 'The refractive index is 1.799 4 .003. 'The colourless grains are 
characterised by reddish stains and irregularly distributed inclusions. 


5, Brookite 


The Third Horizon (S,) is characterised by the unusual appearance of 
brookite. 'The mineral constitutes about 40% of the heavy mineral concentrate. 
The brookite has a high relief and a brownish-yellow colour, and is barely 
translucent. 'The strong dispersion, striae parallel to principal axis and the 
anomalous optical properties are features of diagnostic importance. 'The 
Euhedral grains of brookite are absolutely free from 'inclusions and are 
characterised by an irregular fracture. 


(k) Brookite from S, X 920. 


Rutile from R,, X 300. 


'Tourmaline $., Xx 220. 


(n) 
() 
(3) 


X 920. 


a 


Brookite from S. 


(PD 


Rutile from R,, * 920. 
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6. Magnetite 


Maenetite is present in all the duartzites except in (S,), (R.), (8), (8) 
and (R,. 'The mineral usually occurs as irregularly fractured grains, or as 


perfect octahedra. 
V. CORRELATION 


As previously indicated, the horizons R,, R, R; and R, correlated with 
S, S,, S. and S$, respectively are believed to have either the same or nearly 
similar provenances. On the other hand, collation of the zircons of the 
horizons R, R, and R, with S,, $, and S$, respectively suggests that these 
borizons have originated from dissimilar provenances. 

A study of the mineral assemblages in Table 2, however, reveals that all 
borizons, bar R, and S,, indicate the existence of different provenances. 


1. The Basal Horizon 


Although the zircons of the Basal Horizon R, are better rounded than 
those of horizon S$,, the grain size of the former is notably larger. Furthermore, 
R, contains a large percentage of rutile while $, is notably free from this 
mineral. 'Tourmaline is also more abundant in `'R, than in S$,. 'These data 
are definitely suggestive of dissimilar provenances. 


92. 'The Second and Conglomerate Horizon ($S, and R,.) 


The zircons of the conglomerate band R, show the same respective 
properties and resultant differences as the zircons of the Basal duartzites. 
Moreover, the duartzites of the Second Horizon ($S,) contain a large percentage 
of rutile which is present to only a negligible amount in R,. The conglomerate 
band R,, however, contains a relatively large percentage of magnetite in contrast 
to a very small amount in $,. 

These pronounced differences in heavy mineral percentages indicate, in 
accordance with the elongation index-freguency curves, dissimilar provenances 
for the conglomerate bands R, and S.. 


3. 'The Cross-bedded @uartzites R, and the Third Horizon 


The zircons of the cross-bedded dguartzites R, are the least rounded zircons 
of all zircons examined. 'The grains are, as may be expected from the smaller 
degree of rounding, larger than those of $, and point to similar provenances. 

The cross-bedded nature of the beds, and the small effect of abrasion 
noticed on the zircons in R,, and the angular habit of the brookite in S,, 
indicate that the beds of the two different successions have been transported 
and deposited under essentially similar conditions. lt may hence be inferred 
that the zircons of $, must have taken part in (n - 1) eycles of erosion, while 
those of R;, have probably been subjected to only one cycle, or at least fewer 


cycles than $;. 
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The presence in $, of brookite and rutile, minerals which are absent in 
R,, strongly suggests two dissimilar provensnces for those two horizons. 


4. 'The Smelters Kop @uartzites and the Fourth Horizon 


The assumption that the guartzites of R, and S, may have originated from 
similar or the same provenances, is contradicted by the presence of a large 
percentage of rutile in R, while $S, is markedly devoid of this mineral. 

The presence of rutile, therefore, points to dissimilar provenances. 


5. 'The Lower @uartzite R. and the Fifth Horizon S. 


According to Diagram 1 it is clear that the guartzites of R, and S., have 
originated from similar provenances. However, the absence of tourmaline and 
the small amount of rutile occurring in $, contradicts this statement, since 
both these minerals occur in comparatively large percentages in R. Dissimilar 
provenances are, therefore, indicated. 


6. 'The Middle @uartzites R, and the Sixth Horizon S, 


The conclusion deduced from the minerals in the auartzites of R, and S, 
shows a notable exception to those of other horizons. A similar provenance 
is indicated, not only by the elongation index-freguency curves of Diagram 1. 
but also by the percentage of grain counts in Table 2. 


7. 'The Upper @uartzites and the Seventh Horizon 


According to Diagram 1 the duartzites R;, and S$, originated in dissimilar 
provenances. This conclusion is substantiated by the occurrences of garnet 
only in S$.. There also exists a marked difference in the percentage of 
tourmaline and rutile present in the two horizons. 


VL CONCLUSION 


Viewed from the different vantage points of evidence derived from these 
two methods of comparison, namely the grain count percentage, Table 2, and 
the elongation index-freguency and size distribution (Diagram 1), it is apparent 
that deductions should not be limited to only one of these methods. It is 
clear that both methods of investigation should be applied. 

From the results obtained it can be deduced that the duartzites of the 
Rooiberg Succession have originated from a dissimilar provenance to that of 
the Stavoren—Vlakfontein duartzites, with the exception of R, and S,, which 
points to a near similar or the same provenance. 

The factor of the distance separating the two sites of deposition becomes 
determinative in establishing the existeizce of two dissimilar provenances. 

From the results of the investigation it is evident that the following 
horizons may easily be distinguished from all other horizons examined on 
the following basis: 


(8) 


(b 


— 


— 


(2 


Cd) 


(@) 
(D 
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The guartzites of R, and R, both contain large percentages of rutile. 
R, may, however, be distinguished from R, by the presence of 10% of 
tourmaline, a mineral which is absent in R,. 

The relatively high percentage of magnetite in R, serves as an index 
mineral to this horizon. 

The cross-bedded duartzites are distinguished by the small degree of 
rounding of the zircons, although this feature is not very prominent. 
The Smelters Kop duartzites R, are characterised by the presence of 
large amounts of rutile, and can be distinguished from R, only by 
the absence of tourmaline. 

The presence of brookite characterises the horizon $S.. 


The Upper @uartzites of the Volcanic Stage are easily distinguished 
by the occurrence of large percentages of garnet. 


Future correlative work should obviously be based on similar comparisons 


of heavy mineral concentrates. 
If sedimentary petrographic investigations of a similar nature are conducted 


on the 


sediments of the Pretoria Series in the immediate neighbourhood, the 


true stratigraphical position of the succession at Stavoren—Vlakfontein may 
be established. 
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ABSTRACT 


The area surveyed forms part of the incised, elevated coastal plain 
between Port Elizabeth and (Caledon. 'The map includes outcrops of 
Recent, Tertiary and Cretaceous deposits as well as rocks of the Cape 
System and pre-Cape series. 

The pre-Cape series comprises seven different horizons with a total 
thickness of at lcast 138,500 feet. These pre-Cape rocks have been 
intruded by granite which is represented mainly by the George and 
Woodville plutons. 

The granites are for the greater part biotitic, and chemically they 
are very similar to those of the south-western plutons to which they 
are probably genetically related. 'The granites of the Georee area 
display a well developed foliation and lineation which seem to be 
largely of primary origin. 

Two different types of pegmatite namely (a) an early potash-rich 
and (b) a later soda-rich variety, have invaded the granites as well as 
the sedimentaries. 

Highly altered doleritic intrusions, mineralogically and chemically 
very similar to those of the Western Province, are present in the area. 
These dolerites, which are younger than the granites but pre-Cape in 
age, are probably genetically related to those of the Western Province. 

The pre-Cape rccks have been subjected to at least four different 
metamorphic cycles. 'These were (a) the pre-Cape low grade regional 
metamorphism, (b) thermal metamorphism due to the granite emplace- 
ment, (c) thermal metamorphism associated with the dolerites, and 
(d) low grade regional metamorphism imposed by the post-Cape orogsny. 
The selective formation of andalusite and cordierite in the area should 
be ascriked to physical rather than chemical conditions. 

The structure of the area is that of an anticline, overfolded towards 
the north. The anticlinal fold in the pre-Cape series was brought about 
by orogenic forces operating from the south-west in pre-Cape times. 
The intrusion of the granite probably took place simultaneously with 
the formation of the fold. 

The later, post-Cape deformation of the rocks of ths George area 
prcbably acted along the same lines as the pre-Cape orogeny, and formed 
the anticlinal fold of the T.M.S. 'This folding was probably brought 
about by the incompetent sliding along foliation and shear cleavage 
planes in the pre-Cape rocks, and conseguently did not modify the 
pre-Cape structures to any considerable extent. 

The Poespas Valley -Glentana fault previously described as a 
thrust fault, seems to be a normal tension fault. 
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I. INTRODUCTION 


Although the flat-lying country south of the Outenigua and Attaguas 
Mountains had been scanned by prospectors towards the end of the nineteenth 
century, the area was systematically investigated for the first time in 1898 
by A. W. Rogers and E. H. Schwartz. During this year Rogers and Schwartz 
completed the mapping of the geology of the south-western districts of the 
Cape Colony as far `as George town (383, p. 57-59). 'They revisited the 
Mossel Bay district in 1901 with the object of making additions to and 
corrections of the geological map prepared during the previous investigation 
(34, p. 8-9). The study of the pre-Cape rocks was completed in 1905 by Schwartz 
while conducting a geolcgical survey of the country west of George (7). 

Tt was not until 1930 that these pre-Cape sediments and granite received 
any further attention from the Staf of the Union Geological Survey. During 
this and `the following year, $S. H. Haughton remapped part of the area in 
which the, basement rocks of the Cape system are encountered, thEreby 
completing the Mossel Bay sheet. 'The older rccks included in this map are 
those occurring south of 34” latitude and west of 92” 380 longitude (19). 

While conducting a detailed study of the granite plutons of the south-western 
Cape, D. L. Scholtz paid a brief visit to the George district with the object of 
making a general comparison between the pre-Cape rocks of that area and 
those of the south-western Cape (36). 

During 1943 post-graduate students of the Geology Department of the 

University of Stellenbosch mapped and briefly described the geology of 
the pre-Caps sedimentary and intrusive rocks of the 'Tulbagh—Swellendam 
area. This work was later carried on and completed by L. P. Rabie, who 
also commenced a detailed study of the pre-Cape rocks of the 
Moorreesburg—Wellington area in 1945, while the older rocks of the Nuwerus 
area were mapped by W. C. Brink during 1942 and 19438 (8). 
Since little detailed work had previously been done on the pre-Cape rocks 
- of the George area, any correlation of these with similar rock types occurring 
in the various parts of the south-western Cape Province was bound to be highly 
unreliable. 'The present investigation was therefore undertaken at the suggestion 
of Prof D LE. Scholtz. 

The author wishes to express his '`indebtedness to Prof. Scholtz and 
M. S. Taljaard for their able guidance and unfailing interest in the work; to 
the C.SIR. for financial assistance without which the present research would 
have been impossible; to the Director of the Trigonometrical Survey, Mowbray, 
for supplying the author with contour maps of parts of the George area; and 
to the Department of Defence for supplying a complete set of aerial photographs 
of the area. Dr. D. J. L. Visser of the Geological Survey, Pretoria, advised the 
author as to different methods of projecting aerial photographs, while the 
Division of Chemical Services of the Department of Lands conducted twenty-six 
silicate rock analyses for the study. Miss H. Smuts, technical assistant of the 
Department of Geology of the University of Stellenbosch, was responsible for 


the cartographical work. 
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The writer further wishes to express his gratitude towards Mr. and 
Mrs. Winterbach and Mr. and Mrs. D. Grebe of George as well as to 
Mr. and Mrs. C. Marais of Homtini, Knysna, for their hospitality during the 
course of field work. 


LOCATION OF AREA AND METHODS USED DURING FIELD WORK 


The pre-Cape rocks of the George area are encountered in the magisterial 
districts of Mossel Bay, George and Knysna, anad are exposed between E. 
longitudes 21* 52/ 30” and 292* 56' 15”. 'The area is bordered on the northern side 
by the southern slopes of the Langeberg range and on the southern side for the 
greater part by the Indian Ocean. 'The pre-Cape rocks occur in an area of about 
400 sduare miles, while another 60 sduare miles lying between Wilderness and 
the Goukamma River are covered by the recent sand dunes. 

As a result of limited visibility due to the presence of almost impenetrable 
indigenous forests and plantations and owing to the rugged topography of the 
area, plane table mapping could not be undertaken. 'The original mapping 
was therefore done partly on contour maps with scales of 1: 386,000 and 
approximately 1: 22,500, and partly on aerial photographs with approsimate 
scales of 1: 33,000 and 1: 22,500. A map on the scale of 1: 50,000 was compiled 
from these different field maps and photographs, and was reproduced by the 
printer on a scale of 1: 72,000. 

The field work was commenced in August, 1946, and completed in 
June, 1947. Since new road cuttings were excavated after the field work was 
completed, the writer paid a brief visit to the area in April, 1948, with the 
object of investigating these new exposures of sediments and intrusives. 'The 
laboratory work was conducted in the Department of Geology of the University 
of Stellenbosch. 


GENERAL 


The only town of importance within the area surveyed is George, since 
Mossel Bay and Knysna fall beyond the boundaries of the map on the 
south-western and eastern sides respectively. Smaller villages located in the 
area are Great Brak River, Blanco and the mission station Pacaltsdorp. (George 
town is a popular holiday resort throughout the year as it is situated in the 
centre of the garden route, between Cape Town and Port Blizabeth. FEasily 
accessible and safe beaches and bays add to the popularity of this resort during 
the summer season. 

The area is mainly an agricultural district, but owing to the presence of 
large plantations and indigenous forests, timber is an important product of 
the area. 'The leather industry finds a prominent place in (George and 
Great Brak River. 

The district is served by the railway from Mossel Bay through George to 
Oudtshoorn which forms part of the main line between (Cape 'Town and 
Port Elizabeth, and by the line from George to Knysna. 'The national road 
from Cape Town to Port Elizabeth likewise passes through Mossel Bay, George 
and Knysna. In addition the country is intersected by many miles of good 
roads ensuring modern road transport throughout the year. 


327 


The climate is temperate to warm. Although it is fairly evenly distributed 
throughout the year, the rainfall varies from about 15 inches in the southern 
to 24 inches in the northern part of the western area, and increases eastwards 
to about 34 inches at George. Further eastwards the rainfall decreases again 
to about 28 inches in the northern and 24 inches in the southern part of the 
easternmost section. In the mountain ranges immediately north of the area 
between George and Knysna, the annual precipitation exceeds 40 inches, while 
west of George the precipitation decreases gradually to 30 inches. Since these 
mountains consist of Table Mountain Sandstone the run-of is high, thus keeping 
the larger streams perennial. 

Owing to the relatively high rainfall and fairly warm climate, almost 
impenetrable indigenous forests with thick undergrowth are present along the 
lower slopes of the mountain ranges and in the river gorges between George 
and Knysna. 

An abundant supply of surface water is available in the area and 
underground supplies have conseduently not been exploited to any extent. No 
detailed information about boring for water in the area could be obtained, except 
for a few boreholes at Brandwag which were drilled in the Enon beds. 'Those 
boreholes supply from 1,200 to 3,000 gallons daily. 

A great number of springs generally issuing on the sides of valleys and 
on the sea cliffs, are encountered east of Great Brak River. (George obtains 
water both from rivers and springs. 


IN. PHYSICAL FEATURES AND GEOMORPHOLOGY 


The map covers part of the plains surface which slopes gradually seawards 
from the upland terrace that borders the Langeberg range. Excluding the 
foothills of this range, the country has been well planed down and is remarkably 
fiat. The western section of the area may be included with an area further 
westward, locally known as the Ruggens, which is a remnant of an old undulating 
surface rising to over 1,200 feet above sea level. Eastwards the surface flattens 
and slopes down to a general elevation of about 650 feet in the vicinity of the 
Great Brak River. In the vicinity of George the area lies about 900 feet above 
sea level, sloping seawards to about 600 feet in the Pacaltsdorp—Zandkraal area. 

Further eastwards, in the Touw River area, the surface is even more planed 
down with a gentle slope from about 850 feet in the inland to about 650 feet 
above sea level on its seaward edge. 

The seaward slope decreases in the Karatara River area to about 50 feet, 
that is from about 800 feet at the edge of the foothills of the mountain range 
to about 750 feet above sea level at the southern edge of the shelf. 

In the area covered by dune sand, however, a duite different type of 
topography is encountered. 'The sand-covered area commences at the Wilderness 
on the edge of the plain described above, and the highest dune in this area 
is only 397 feet above sea level. Eastward, however, the undulating dune 
country rises gradually to reach its mazimum height at Spioenkop (1,120 feet 
above sea level), near the Goukamma River, with the Belvedere 'hills further 
eastward having an elevation of 912 feet. As these dunes are located on the 
sloping, seaward side of the coastal shelf it is evident that they are from 
300 to 500 feet higher than the flat shelf on their immediately inland side. 
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Numerous lakes are enclosed by these dunes, all except Groenvlei (Lake 
Pleasant) having an outlet to the sea. The height of the water surface in these 
lakes varies from about 5 feet in the Touw River lagoon to about 20 feet above 
sea level in Groenvlei. 


Immediately north of the coastal shelf, the Outenigua and Attsduas 
mcuntains form part of the rugged Langeberg Tange. The mountain peaks 
north of the area under consideration are well over 3,000 feet above sea 
level, with Cradock peak immediately north of George as the highest point 
(5.188 feet above sea level). It is interesting to note that this peak is situated 
only 9.8 miles from the coast. 


Although the whole area mapped forms part of a coastal shelf, it is deeply 
dissected by numerous rivers and streams. Where the rivers have cut their 
courses through sedimentary rocks of the pre-Cape series, and the Table 
Mountain series, the valleys are narrow and the sides very steep. Further 
eastwards, however, where the rivers in their lower reaches have cut through 
granitic rocks, the valleys are usually considerably wider and have much gentler 
cross-profiles. 


The larger rivers have their main source in the mountain ranges on the 
nerthern edge of the area. Reference has already been made to the perennial 
nature of these rivers. Streams like the Schaapkops, Molen and Duiwe Rivers 
originate on the coastal shelf. During the dry season, a mere trickle of water, 
from springs issuing on the steep banks, flows down these rivers, while the 
smaller streams and tributaries carry water only during times of active 
precipitation. 


The river valleys in the area are mostly conseguent. Dendritie drainage 
patterns are exceptionally well developed in the western area which is underlain 
by tertiary deposits. Areas underlain by Enon beds display these patterns 
even better: the country between Mossel Bay, Brandwag and Herbertsdale 
affords an example of this. 

A noteworthy feature of the area is the deep entrenchment of the curving 
and in some places meandering rivers without any marked displacement of the 
original valley. Rivers have incised their valleys up to depths of 500 feet below 
the flat surrounding country, thereby creating deep and steep-sided gorges. 

Although slip-cf slopes and undercut bluffs are developed on the bends of 
meandering rivers to some extent, these features are not very prominent. 

The Duiwe River, about 10 miles east of George, provides the best example 
of an entrenched, meandering river. 'This river meanders almost throughout 
the length of its course, a few of the meanders being almost cut of. At the 

` southern edge of the coastal shelf the Duiwe River is incised to a depth of 
450 feet below the surface of the plain, which in this area lies about 700 feet 
above sea level. Slip-of slopes are developed to some extent as can be seen 
from the contour map. Although the meanders may have been modified and 
perhaps accentuated during the downcutting, there is little doubt that they 
antedate the period of incision. Owing to the absence of resistant clif-forming 
rocks, the spurs were greatly affected and eroded backwards. These 
meanders correspond to the (n 41) cycle entrenched meanders described by 
Mahard (25, p. 41). 

A typical example of a cut-of meander is encountered at Klein Brak River, 
about 14 miles north of the railway station, while a meander in the Goukamma 
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River, a little south of the railway line, has almost been cut of, the only 
barrier being a ridge of sandy material. 

A perfect cut-of meander of the Goukamma River is preserved immediately 
west of Goukamma siding. 'The bed of this cut-of meander lies about 20 feet 
above the présent level of the river. 

All the rivers flowing into the sea between Glentana and the Wilderness 
are fiordic in appearance at their mouths, the best examples being the Kaaimans 
and Maalgaten Rivers. The river mouths are tidal when open, the tide with a 
range of only four to six feet advancing for distances of a few hundred vyards 
to about 14 miles in the Great and Klein Brak Rivers. 


In the Knysna and Keurbooms Rivers, to the east of the area under 
consideration, the tide advances upstream for a distance of approzimately 
5 miles. 'The width of the valleys at the river mouths is out of all proportion 
to the width of the streams higher up. Rogers reasoned that this wWidening 
could have been brought about by lagoon wavelets (29, p. 20), but Krige pointed 
out that this theory is untenable because of the vast amount of erosion entailed 
in the cutting back of clifs a few hundred feet high. Krige therefore concluded 
that the most natural explanation for the abnormal widening is that of a 
drowned valley origin. 

From Klein Brak River to Glentana the coast consists of a sandy shore 
backed by sand dunes. 

From Glentana to the Kaaimans River, clifs ranging from 500 to 600 feet 
in height are being subjected to active wave erosion. In this section the coast is 
somewhat convex seaward and generally speaking fairly even. In the section 
between Kaaimans River and Knysna the old clifs recede inland and are cut 
of from the sea by a barrier of partly consolidated dune sand. The dune 
country has already been described. 

At Glentana, where the Mossel Bay coast begins to withdraw its protection, 
the cliffs of granite contain innumerable caves located close together. 'These 
caves have been investigated in detail by Krige (22, p. 56-57). “The caves range 
in length from 40 to 270 feet, but the great majority lie between 110 and 
180 feet. 'The average roof-height at the lip is 30 feet, the maximum value being 
80 feet. 'The average floor-height at the back is from 30 to 26 feet (below the 
sand terrace), the floor of one rises to 30 feet, rock floor being last seen at a 
height of 20 feet halfway in, and that of a big cave—a bat guano mud — to 
35 feet.” A small rock shelf at the height of 20 feet above sea level is preserved; 
behind the shelf there is a notch containing a row of small caves. 

Krige has described a few caves which occur at about 40 to 50 feet above 
sea level. Stalactites were found in some of the caves at Glentana, and no 
doubt owe their origin to the presence of a thin layer of limy rock which caps 
the clifs in this area. 

A narrow, irregular terrace, about 15 feet high, occurs below the old 
sea-cliffs at the Wilderness and Langvlei, and the old floodplain oi the 
Goukamma River is at the same height above sea level. 

The geomorphology of the George area has to be studied together with 
that of the entire coastal terrace which extends from Caledon to Port Elizabeth, 
a distance of 420 miles. Krige discusses the problem briefiy. “From George 
eastward to Port Elizabeth, it (the coastal terrace) slopes seaward from a height 
Of 800 feet at the foot of the Coastal Range —the Langebergen. 
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“In the western Ruggens area remnants of the old undulating peneplain 
rise to over 1,200 feet, as communicated by Rogers. Along with this feature 
there have to be considered the overlying deposits of #fluviatile and marine 
origin known respectively as the 'high-level gravels and the Alexandria— 
Bredasdorp Series of Mio-Pliocene Age. On account of the prevalence of the 
gravels over the major portion of the Plateau, Rogers considers the original 
plain, especially the Ruggens section, to be cut by rivers. 'To a certain degree 
he apparently stands alone in this belief, as Schwartz, du Toit, and perhsps 
Wybergh advocate a marine-planed origin and consider that the gravels were 
deposited by rivers meandering over the slowly emerging plain, and incidentally 
removing, it must be added, all traces of marine deposits over the major portion 
of the area. 'The argument in favcur of marine planation is most potent in 
the case of the narrow Tsitsikamma portion, where the mountain torrents could 
not possibly have carved out a fat plain through folded rocks at two or three 
miles from their source in the abrupt range” (22, p. 12). 


Krige further discusses the nature of the continental shelf and concludes 
that an emergence of the land to a considerable height must have taken 
place. '“Taken altogether the suggestion of a temporary emergence to the 
present 400-fathom isobath is warranted, and is supported by similar phenomena 
from the North Atlantic ....'The evidence for the emergence of at least the 
major portion of the Agulhas Bank is perhaps satisfactory. 'The presence of 
the various more or less distinct submarine terraces suggests intermittent 
emergence of perhaps the whole Agulhas Bank” (922, p. 17). 


Since the formation of the Pleistocene ice caps could not have lowered the 
sea level sufficiently to expose the whole or the major part of the Agulhas 
Bank, he reasons that an uplift of the land could, together with the lowering 
of the sea level by the formation of the ice caps, provide the necessary 
uplift. Such an uplift must have been followed by a subsidence of nearly the 
same amount. 'The entire oscillation would need to be completed in the 
interval between Late Tertiary and Early Pleistocene. 


The presence of caves, shelves and terraces at heights varying from 90 to 
100 feet above sea level, led Krige to postulate a fairly recent strandline at those 
heights. Caves and terraces in the George area indicate beyond doubt a recent 
emergence of the land in this area of the order of about 45 feet. A temporary 
standstill in this emergence process at the 20 feet level is indicated by the 
presence of numerous caves, shelves and terraces at that height. Daly attributes 
the most recent 20 foot emergence to the growing of the ice caps in the polar 
regions during recent times (92, D. 18). 


From the above discussions the nature of the river valleys and shore lines 
of the George area can easily be understood. 'The following seguence of events 
in the formation of the river valleys can now be postulated. 'The coastal plain 
was planed and cut down mainly by wave acticn with the aid of the numerous 
rivers originating in the bordering mountain range. 'This was followed by a 
very slow emergence of the land, which enabled the rivers to lengthen their 
courses on the flat, almost horizontal coastal plain. At the same time the 
gravels now present over large parts of the area were deposited, while almost 
all evidence pointing to the marine origin of the plain was removed or 
obscured. The emergence of the coastal plain must have been sufficiently slow 
to allow the rivers to develop the meanders previously described. At this stage 
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the emergence of the Agulhas Bank was brought about, thereby lengthening 
the river valleys by several miles. From the evidence afforded by the rivers of 
the George area, this emergence must have been rapid so as to enable the 
rivers to intrench their valleys without any noteworthy modifications of their 
length profiles. 'This rise of the land further enabled the rivers to cut their 
valleys to a level well below the present sea level. 


The subseguent submergence drowned the river valleys, and although a 
later emergence of 45 feet in two different stages followed this lowering of the 
land, the rivers still show signs of their drowned nature. 


Krige (22, p. 9-10) concluded that “taken as a whole, the South African 
coast shows signs of both submergence and emergence. Leaving out of account 
the major emergence phenomena, the present is typically a young to mature 
coastline of submergence appreciably modified by later emergence phenomena. 
A further reason for the straightness of much of the coast remarked on above 
lies in the comparatively short duration of the emergence which preceded the 
Subrnergence in dguestion. 'This emergence was, in addition, so considerable that 
rivers did not have sufficient cpportunity for lateral planation, and for this 
reason their drowned character is not evident from the map.” 


The origin of the dune country and the lakes of the Wilderness—Knysna 
area can easily be traced if the foregoing shore processes are kept in mind. 


A narrow marine-cut terrace at about 15 feet above sea level has been 
described as being present at the Wilderness and at Langvlei below the old 
sea-clifs now lying far inland. Tt is immediately evident that it must be 
assumed that the old sea-clifs in the Wilderness—ILangvlei section were still 
Subjected to active marine erosion during the time that the sea level was at 
the 20 foot mark. As these clifs are at present separated from the sea by the 
dunes, which also include the lakes of this region, it must be concluded that 
the dunes in at least the Western Section of the dune country did not assume 
their present position during the 20 foot strandline period. No similar evidence 
is, however, disclosed in the eastern section of the area. 

Numerous sand-banks are known to be present on the Agulhas Bank on 
the southern edge of the Cape. A bank at only three to six fathoms depth is 
reported to occur off Wit-els River, due east of the area under consideration. A 
smaller bank of Storms River is reported at a depth of from 11 to 138 fathoms, 
and fianked by inshore and ofshore depths of 36 and 42 fathoms respectively. 
Several other banks at depths less than 20 fathoms are known to be present on 
the Agulhas Bank (10, p. 16). 

'The presence of these sand-pbanks on the present Agulhas Bank not far 
below sea level, may help to explain the origin of the dunes under 
discussion. 

It seems reasonable to assume that while the sea level stood at the 45 foot 
strandline the formation of sand-banks was being initiated on the off- sinore 
shelf immediately south of the edge of the old coastal plain. 

'The nature and form of the coast during this time must be reconstructed 
to get a fair idea of the action of ocean currents in this section of the area. 

The coastline can be assumed to have been more or less as follows: From 
the Robberg promontory at Plettenberg Bay the coast continued south-westwards 
to the present Knysna Heads, which consist of hard, resistant Table Mountain 
sandstone. 'This trend of the coast is more or less in line with the resistant 
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promontory at Cape St. Blaize near Mossel Bay. Frcm the Knysna Heads, 
however, the coast swerved inland in a large curve to Goukamma and the old 
sea-clifs north of the present area. 

The Mozambidue sea current would therefore on its course from north-east 
to south-west be diverted scuthwards by the Plettenberg Bay promontory, and 
it can reasonably be assumed that it would continue in a straight line past 
Cape St. Blaize. This would leave an ellipsoidal area from Mossel Bay harbour to 
the Knysna Heads which would be occupied by circulating longshore currents. 

The longshore current would naturally flow along the coast in a direction 
from west-south-west to east-north-east. Since this longshore current would 
be obstructed in its eastward flow by the Knysna Heads, depositioa and 
accyumulation of debris carried by the longshore current would be brought about 
immediately west-north-west of the Knysna Heads (22, p. 222), thereby building 
up a sand-bank in this position on the Agulhas Bank. It seems reasonable to 
assume that this sand-bank was not exposed or, at the most, was only partly 
exposed by the recession of the sea to the 20 foot strandline which produced 
the sea shelves at this height at the Wilderness and Langvlei. Further 
recession, however, to the present sea level laid dry the sand-bank, thereby 
cutting of the present lakes from the sea. Rivers were dammed up and their 
courses diverted, and were also involved in this prccess of lake formation, 
contributing mainly by building up sand-bars and spits across their new 
outlets. Rapid deposition of material took place in these lower reaches of the 
rivers, thereby filling up large sections of the Criginal lakes. It can be assumed 
that the entire area from the Wilderness to the eastern edge of Langvlei was 
occupied by cne large lake which was subseguently filled up by debris deposited 
by these rivers. At present these different lakes are connected with each cther 
and the sea by slowly winding and meandering streams with wide floodplains, 
the Serpentine River being the most striking of all. 

Transportation of the loose sand by wind played an important part in the 
further development of the dune country. Evidence of this wind action is 
clearly afforded by the presence of partly consclidated cross- and #false-bedded 
Sand-dunes. 

The building up of dunes to heights well over 1,000 feet must be attributed 
solely to the action of wind. 

The late Tertiary faulting, of which an excellent example can be seen at 
Robberg and Noetse, east of Knysna, does not seem to have had a considerable 
effect cn the process of dune formation. 


IT. STRATIGRAPHY OF THE AREA 
GEOLOGICAL FORMATIONS PRESENT IN 'THE AREA 
The map includes outcrops of the following rock formations: 


1. Late @uaternary to Recent sand, sand-dunes and partly consolidated 
dune rock. 

2. Tertiary gravels, sileretes, ferrieretes and calceretes. 

3. Cretaceous gravels and clays of the Enon series. 
Table Mountain Sandstone. 
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5. Pre-Cape sediments, intrusive granite, pegmatites, aplites and 
basic dykes. 


1. LATE @UATERNARY TO RECENT SANDS 


These sands, sand-dunes and partly consolidated dune rock occur mainly 
in two areas. 


(a) The Wilderness—Goukamma Area 


From the Wilderness eastwards to Brenton, the western Knysna “head”, 
which is just of the map, an increasingly broader strip of sand, dunes and 
consolidated dunes cccurs. It is bounded on the south by the sea, and on 
the north mainly by the old sea-clifs of pre-Cape rocks which have already 
been described. 

In the Hoogekraal—Homtini River area, however, wind had a considerable 
infiuence on the northern boundary of this sand strip. Sand was blown 
northwards from the southern side of the cld sea-clifs and was deposited over 
the flat expanses of the dissected coastal plain of the region. Although this 
cover of sand is not very thick, it covers the underlying rocks, outcrops of which 
are found only along the steep river banks. 'The depcsition of this sand cover 
seems to be fairly recent, as no signs of consolidation can be detected. 

South cf the old sea-clifs, however, the sand-dunes have been partly 
cemented to dune rock which is most probably of late duaternary to recent 
age. 'The calcareous cementing material has apparently been precipitated from 
percolating solutions, and may perhaps have been derived from shell iragments 
which are still occasionally encountered in the dune rock. (Calcium carbonate 
comprises up to 16% cf this rock type. 

Cross- and false-bedding is a significant structure commonly encountered in 
the dune sandstones and is typically developed in the Swartvlei area. Evidence 
of wind action is abundantly present, and this action is no doubt responsible 
for building up the high dune hills of the Goukamma area. 

The mode of deposition of these sands has been described in a 
previous section. 


(b) The Glentana—Hartenbos Area 


From Glentana westwards along the coast past Hartenbos, a narrow strip 
of sand borders the sea. 'The sand in this locality may be of a Younger age 
than that of the Wilderness—Brenton area as it is still mainly unconsolidated. 
At the Great Brak River mouth, however, sandy beach rock is present, the 
binding material again being of a calcareous nature. 

It seems reasonable to assume that the sands of the George area have been 
derived mainly from the Table Mountain Series with minor additions of 
material from the younger and older series present in the catchment areas 
of the rivers. Longshore currents may have added material from areas further 
along the coast, but it is doubtful whether any material was added from the 
coastal area to the west of the Mossel Bay promontory, as the main Mozambidue 
sea current passes this promontory fairly closely, therefore providing no 
opportunity for longshore currents to pass this spot in an easterly direction. 
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2. TERTIARY DEPOSITS 


A small patch of 'Tertiary deposits is present just north of the steep 
sea-cliffs at Roode Klip, immediately south of George. 

Tertiary deposits probably capped most of the ccastal plain in the area 
west of the Klein Brak River. Owing to the. dissection of the plain by 
rivers, relics of this formation are only preserved in those parts of the original 
coastal peneplain which have been least affected by denudation. 

'The cover of Tertiary deposits becomes progressively thicker west of the 
Klein Brak River, to such an extent that the underlying pre-Cape formations 
disappear completely beneath this formation at Ruiterskraal, in which area the 
Tertiary deposits attain a thickness of at least 300 feet. 

The Tertiary deposits of the area consist mainly of gravels and conglomeratie 
sileretes and ferricretes, which, according to Haughton, can in all probability 
be correlated with the Alexandria beds (19, p. 21). 


3. CRETACEOUS GRAVELS AND CLAYS OF THE ENON SERIES 


Sediments which are assigned to the Cretaceous and correlated with the 
Enon beds of the Uitenhage area, occur mainly in two localities on the map. In 
the south-western part of the area these sediments extend from west of 
Glentana Beach almost to the Gouritz River, outside the western boundary of 
the map. On the southern side from Glentana to Forebay Junction, the 
formation is cut of from the sea by a narrow strip of sand described in a 
previous section. 

The relation of the Cretaceous beds of this area to the pre-Cape rocks 
against which they rest on the northern pboundary, will be discussed in the 
section which deals with the geological structure of the area. 

The second occurrence of COretaceous beds is in the easternmost part of 
the area, and extends eastwards from the left bank of the Homtini River. 

Since attention was mainly paid to the older rocks in the area during the 
present investigation, no detailed study of these rocks was attempted. 

The Cretaceous rocks of the western occurrence consist of conglomerates, 
breccia-conglomerates, grits, sandstones and argillaceous material, a large 
proportion of the beds being of terrestrial origin (19, p. 15). 

Haughton has described the Enon beds of the Great Brak River—Hagelkraal 
area in detail (19, p. 15-18). 

Scattered conglomerates of the eastern cccurrence are first encountered 
immediately east of the Karatara River. In this locality the conglomerates 
occur as thin relie patches on the remaining highlands ot the coastal plain. 
Eastward the conglomerates thicken to about a hundred feet in the Homtini 
River area. A considerable increase in thickness, to over 600 feet, takes place 
along the Knysna River further eastward towards Phantom Pass. 

The cap of Enon conglomerates between the Karatara and Homtini Rivers 
has not been indicated on the map to avoid obscuring the nature and structure 
of the pre-Cape rocks. 

The conglomerates of this series in the Knysna River area have been 
investigated and described in detail by Schwartz (38, p. 57-58). 
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4. THE TABLE MOUNTAIN SERIES 


Rocks belonging to the Table Mountain Series of the Cape System form 
the most conspicuous topographic features in the area owing to their greater 
resistance to weathering agencies. The high mountain range of the 
Langeberge, the Aftaguas and Outenigua mountains on the northern edge of 
the map, consists of these hard, resistant, dguartzitie sandstones. 

The Table Mountain Series occur mainly in three areas, namely, (a) along 
the Attaguas—Outenigua Mountain Range, (b) at Bottelierskop, and (c) between 
Homtini and Goukamma. 


(2) The Aftaauas—Outenigua Mountain Range 


The contact between the pre-Cape rocks and the TM.S. which constitutes 
the entire mountain range as well as the foothills bordering the coastal 
peneplain, is rarely exposed owing to a thick cover of soil, talus, rubble and 
gravels. Where seen it is marked by a broad zone of crushed and brecciated 
rock j#ragments probably derived from both the T.MS. and the pre-Cape 
formations. 'The actual base of the T.M.S. could therefore not be investigated. 

Throughout the entire area from the Robinson Pass in the west to Millwood 
in the east, the T.M.S. dips southwards at angles varying from 40” to 65” 
below the older pre-Cape rocks. 'The strike is generally in an east-west 
direction. 

The crush zone consists of angular, brecciated and fractured fragments of 
duartzite, and ranges from a fine-textured rock approaching a mylonite to 
coarse breccia with blocks up to six feet in diameter. Slickensides are 
abundantly developed, and although they may indicate local relative movement 
in any possible direction, it seems that, taken as a whole, little movement has 
taken place along the zone, except perhaps for a slight upthrust of the southern 
block consisting of pre-Cape formations. 

The crush zone is best exposed in the railway cuttings immediately north 
of George, where it contains notable amounts of vein duartz. 'The only 
indication of this zone at the 'Touws Ranten, immediately west of the 
Touw River, is a belt of dguartzites intimately riddled with duartz veins. 'The 
zone has not been encountered where the T.M.S. is assumed to lie in direct 
contact with the granites. 

Lenses of phyllitic and shaly rocks are present in the T.M.S. immediately 
above this crush zone to the north of George, and these may perhaps represent 
the lower TMS. shales of the Western Cape Province. 'These shaly horizons 
have, however, not been encountered anywhere else in the area under 
discussion. - 

In the eastern part of the area, just north of Barrington, conglomeratic 
horizons are encountered in the T.M.S., the pebbles ranging in size up to 
4 inches in diameter. 'These pebbles consist of auartzite and vein duartz; no 
other rock types are represented. 'The major sandstone horizons are 
well bedded, and false-bedding is common. As a rule the sandstones occur in 
thick layers, cut by two sets of joints, one parallel and the other perpendicular 
to the direction of strike. G@uartz veins are commonly encountered; they often 
follow joints, but sometimes traverse the rock in all directions. 
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In the western sector the rocks of the TM.S. immediately north of the 
crushed zone are characterised by the development of white mica in the 
schistosity planes. Lineation is well developed in a direction which varies from 
about 35” east of Magnetic North at Ruiterbosch, to about 80” east of North 
in the Montagu Pass and Groenkop forest reserve. 

Higher up in the series, however, the white mica as well as the lineation 
disappears. 'The dguartzites become highly silicified and display a vitreous lustre 
on fracture surfaces. 

East of the Touw River gorge, the lineation disappears gradually and is 
practically absent in the dguartzites of the Millwocd area. 

Apart from the conglomeratic and shaly horizons, the series is lithologically 
composed mainly of duartzitic sandstones, white to pale pink in colour, with a 
fredguent pinkish red crust on weathered surfaces. Under the microscope the 
sandstones are seen to be medium-grained and composed of closely-packed 
duartz fragments which show strain effects. Sutured contacts between duartz 
grains are often encountered. Zircon is a common accessory while tourmaline 
is less prominent. In the western part of the area muscovite is a fairly important 
constituent, but becomes less abundant eastward while microcline becomes an 
important constituent. Chlcrite is usually present as an alteration product 
along the edges of the microcline grains. 

A shaly horizon about 8 feet thick which occurs near the base of the 
T.M.S. to the north of George has been altered by metamorphism to a 
chlorite schist. - 

@uartz grains are clearly recrystallised, although some strain effects can 
still be recognised. Chlorite is abundantly developed and imparts a silvery 
lustre in the hand specimen. Muscovite, though less abundant than chlorite, is 
intimately associated with the latter. (Ottrelite is an important constituent 
of the rock and attains a grain size of about 15 mm. 'The pleochrism of 
the mihneral is: 


— yellowish-green 
— indigo blue 
y — pale greenish-yellow 
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Ottrelite is also present in the guartzites of this area, but is less abundant 
than in the shaly band. 

A heavy mineral concentrate of the guartzites near the base of the TMS. at 
George was investigated under the microscope. Zircon grains were found to 
be present in well-rounded as well as idiomorphic grains. Blue to bluish-green 
ottrelite is abundant while green hornblende is present in minor amounts. 


The following types of tourmaline grains have been recognised: 
(a) Reddish-brown to light yellow grains with almost no inclusions. 


(b) Light brown to black grains with strongly aligned, needle-lik€ 
inclusions. 


(c) Greenish-blue and dark blue to mauve tourmaline with almost 
no inclusions. 


(d) Colourless to black tourmaline with dusty inclusions. 
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Yellow to reddish-brown grains of rutile which often exhibit twinning are 
fairly abundant. Spessartite garnet and titanite are sparingly present, while the 
minerals hematite and magnetite are common constituents. 


(b) The Bottelierskop Area 


Bottelierskop is situated about 3 miles north of Klein Brak River station 
and about 10 miles north of Mossel Bay. 'The hill is conical in form, with 
three crags at the summit which gave the name to the hill. 

Schwartz and Rogers (34, p. 9) expressed the opinion that the rocks which 
form this hill belong to the T MS. on the grounds that no duartzitic bands 
in the pre-Cape rocks have been seen to attain a thickness comparable with 
that encountered at Bottelierskop. Haughton later confirmed this idea, and 
during the present investigation nothing was found to indicate the contrary. 

These duartzites occupy an irregular rhomboidal area on Klein Zorgfontein, 
lot 703, Rheeboksfontein, Banf, Bottelierskop and Kievitskraal. Except along 
the southern boundary the guartzites are surrounded by granite. 'The guartzites 
in this area are characterised by intense brecciation. Sometimes the rock has 
been crushed to angular fragments which have been recemented by silica. At 
other places the joint planes in the rock are so numerous that the dguartzite 
is split into angular blocks the sides of which are usually not more than an 
inch or two long. Just north of Brak Kloof the shattering of the rocks is not 
so noticeable and there is an increase in schistosity, but near the northern 
boundary of the mass the hill section on Klein Zorgfontein shows highly 
brecciated and #fractured material. The shattered nature of the rock makes 
it highly susceptible to weathering. 

Bedding is mostly obscure on account of the shattering. White duartz 
pebbles are occasionally seen. Haughton found that such dips as can be 
discerned are to the east on the west of the mass and to the west in the 
eastern part, so that the structure seems to be that of a syncline whose axis 
trends slightly east of north. Schwartz and Rogers have described some 
divisional] planes, supposedly bedding planes, in the crags of Bottelierskop, having 
a dip of about 15* to the south. Similar readings were taken by the writer near 
the northern edge of the mass. 

The structure of this mass therefore seems to be that of an open, pitching 
syncline with axis trending more or less east of north and pitching to the south. 

Microscopically it can be seen that the duartz grains of this mass have 
been subjected to considerable strain, and recrystallisation is a marked 
feature. Sericite flakes are nearly always present while chlorite is fairly often 
encountered. Zircon is a common accessory. 


(ce) The Homtini—@Goukamma Area 


Rocks belonging to the T.M.S. are encountered in the south-eastern part of 
the area where they are exposed in the Homtini—(Goukamma gorge. 

Along the eastern bank of the river the rocks are covered by Enon deposits 
towards the north and dune sands in the south. On the western bank a thick 
layer of dune sand covers the series entirely. The river gorge, however, provides 
a good section almost perpendicular to the strike of the rocks. 
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The base of the TM.S. in this area can be seen a short distance south of 
the confiuence of the Klein Homtini and Homtini Rivers on the farm 
Reenendal. 'The dguartzites overlie the pre-Cape phyllitic shales of this area 
unconformably. The contact between the two systems, which will be discussed 
in a later chapter, dips south-eastwards at an angle cf about 45* and strikes 
more or less north-east to south-west. Owing to metamorphic effects, a shear 
cleavage, dipping south-eastwards at angles varying between 30” and 70”, has 
been developed in the duartzites, thereby obscuring almost all evidence of 
sedimentary structures. 

At the base of the TMS. the duartzites are fairly coarse and contain 
numerous white specks of feldspar. Microscopic examination revealed an 
abundance of microcline as well as occasional albite grains. While the duartz 
grains show advanced strain effects and recrystallisation, the feldspars are being 
replaced along the borders and cleavage traces by sericite. Ottrelite grains are 
present in the guartzites immediately south of the contact. 'These grains are 
usually small and are clearly of late metamorphic origin. Zircon and ore are 
the only noteworthy accessories. 

Further downstream, ie. higher up in the series, the aguartzites gradually 
become less feldspathic and somewhat finer in grain, while effects of silification 
are clearly recognisable about 500 yards north of Goukamma siding. 

Just north of the national road bridge at Goukamma, thin conglomeratic 
bands are encountered, the constituent pebbles being white duartz and 
occasionally black, carboniferous, gritty slates. An abrupt change in the 
sediments takes place at the Goukamma bridge. 'The rocks become finer and 
more of the nature of gritty slates. Bedding planes are easily distinguished 
owing to the alternation of dark and light coloured material. 'These alternating 
bands are often as thin as 01 mm.; lighter coloured material usually 
predominates and imparts a greyish colour to the rock as a whole. 'The 
presence of mica flakes along the bedding planes is apparent in the hand 
specimen. 

The “sediments” dip to the south-east at angles ranging from 40 to 65 
degrees. 'These gritty slates are unlike any of the formations which have been 
investigated in the neighbourhocd, and may probably represent a transitional 
Zone between the T.M.S. and the Bokkeveld Series. 

At Goukamma siding, about 200 yards south of the bridge, the gritty slates 
are traversed by an intense crush zone. 'The rocks have been fractured into 
angular blocks which are generally not more than 6 inches in diameter. 'The 
direction of movement along this zone could not be determined. On the 
southern side of the zone, gritty slates and shales are still present: they dip 
to the south-east and disappear at an angle of about 25” beneath a cover of 
sand a few hundred yards south of Goukamma siding. 


5. THE PRE-CAPE SEDIMENTARY ROCKS 


The coastal peneplain of the George area is characterised by very deep 
weathering, and most of the area is overlain by a thick layer of soil. Outcrops 
of pre-Cape rocks are therefore almost totally absent on the flat country in 
the eastern and central parts of the area and the gently sloping hills of the 
undulating erosion plain of the western sector. 'The sides of the deep river 
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gorges, however, provide good sections With numerous outcrops. Owing to the 
fact that fresh rock specimens were seldom encountered, however, the 
microscopic study of the rocks was greatly hampered. As these river sections 
are generally at right angles to the strike of the main fold axes, the rock 
horizons could be correlated in the different river cuttings and followed along 
the strike. 


The following different rock horizons were distinguished and mapped: 


ADPDTOT. 
Different rock horizons thickness 
in feet 
(vii) Homtini phyllites with intercalated dguartzitic band and 
intrusive basic sill sy. . Geen EE AE ES 109 
(vi) Victoria Bay feldspathic guartzites. Ta NE ees PR OD) 
(v) Victoria Bay phyllites .. .. N ioon) 
(iv) Kaaimanssat guartzites (green and white) EE impersistent, 
intercalated phyllitic band n MEd AR SS GE 970 
(iii) Kaaimansgat phyllite band (marker) MEE. Oe ii EG 20 
id) Groot Hoek duariz senist 's EE OE Ena. DAAD 
(i) Basal argillaceous horizon, at least aas EO EE OOG 
VOL thickness at least EO EN SEA 


Owing to the constantly varying dip, and the presence of numerous 
contortions especially in the Homtini phyllites and the basal argillaceous 
Zones, the thicknesses of the various horizons could only be approimately 
determined. The lower contact of the basal argillaceous horizon has, moreover, 
not been encountered during the course of the survey. 


(i) Basal Argillaceous Horizon 


Although the basal argillaceous horizon of the pre-Cape rocks occurs over a 
larger area than any of the other sedimentary formations in the series, outecrops 
of this zone are exceedingly rare, owing to the soft nature of the rocks and 
their susceptibility to weathering. Owing to the thick cover of soil, outcrops 
are restricted to deep road and railway cuttings, excavations and steep river 
banks. Where it emerges from beneath a thick cover of 'Tertiary deposits on 
the farm Ruiterskraal, Mossel Bay district, along the Kleinplaats and 
Hagelkraal Rivers, the basal horizon is composed of pale grey to bluish shales 
and slaty shales. 'The shales strike in an east-north-easterly direction and 
dip to the south at an angle of about 50”. A shear cleavage is fairly well 
developed and generally coincides with the bedding planes. Minor contortions 
of the latter, however, are found occasionally, resulting in an angular relation 
between the bedding and shear cleavage planes. 

The shales of the Ruiterskraal area display a very fine texture and consist 
of fine-grained duartz, sericite and clayey material. Magnetite grains have 
been oxidised to hematite, while infiltered iron oxides have stained the shales 
along ceracks and joints. Minute spots consisting of aggregates of sericite are 
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present on the cleavage planes of the shales and slaty shales. On the farms 
Hagelkraal, Kouma and Palmiet River, these spots become more apparent and 
take on a greenish colour so that the rock can be described as a spotted 
slate. Plagioclase grains with a composition of approximately Ab,, An, become 
gradually more abundant as “eyes” in a matrix of which the different constituent 
minerals can be easily distinguished under the microscope. 


In a road cutting at Kouma, the slates and slaty shales display an 
interesting mode of weathering. Alternating layers about 20 to 30 feet thick 
weather to brilliant red, yellow and pure white material of a very fine texture. 


'The basal argillaceous horizon divides into two arms at Palmiet River, to 
form a border round the periphery of the granite intrusive pluton. 'The 
sediments of the southern arm strike in a south-easterly direction and dip to 
the south-west at an angle cf about 70". On the southern side of this arm, 
sediments of the Enon beds have been thrown to the level of the argillaceous 
horizon by a Tfault .striking south-east. 'The southern arm of the basal 
argillaceous horizon is therefore pinched out between this fault and the granite 
mass at Poespas Valley. 'The northern arm strikes in an east-north-easterly 
direction to Ruiterbosch; at this locality it commences to swing back slowly to 
an east-west direction of strike and dips southward at angles varying from 
55” to 65”. 'The shales of this region consist of fine-grained duartz, sericite, 
chlorite and flocculent carbonaceous material. Biotite is completely absent. 


From Leeuwekloof the sediments follow the outer edge of the granite pluton 
more or less concordantly through Moordkuil Gonnakraal, Groot Zorgfontein 
and Klein Zorgfontein. The south-south-westwardly dip varies from 40* to 65”. 
A faint lineation can be detected: it has a southerly plunge and a trend between 
20” to 40” east of magnetic north. 

In the road cutting leading down to Leeuwekloof, the basal arellaees 
horizon is seen to consist of pale grey to brown shales and slaty shales displarying 
little effects of metamorphism. Chlorite is locally developed but the rocks 
consist mostly of fine duartz and sericite flakes. At Moordkuil, however, 
dark-coloured platy phyllites with well developed chlorite fiakes aligned with the 
schistosity and #flocculent carbonaceous material are found to be intercalated 
with pale grey, fairly coarse, gneissose rocks, consisting of duartz, plagioclase 
with a composition of about Ab, An,, biotite, muscovite, tourmaline, apatite, 
Zircon and magnetite. Leucoxene may be an accessory ore while garnets are 
occasionally encountered. Sagenetic intergrowths of rutile needles in biotite 
hosts are almost invariably present. 'The different constituent minerals display 
almost no preferred orientation. 

On the steep hill slopes to the west of this road-cutting, a band of 
dark-coloured rock, which is very resistant to weathering, was encountered. As 
outerops along these slopes are exceedingly rare, the exact relation of the band 
to the encompassing shales could not be determined. 'The rock composing the 
band, however, displays interesting evidence of advanced thermal metamorphism. 
In thin section the texture is seen to be phenoblastic. 'The phenoblasts are 
aguartz, diopside, microcline perthite, plagioclase and colourless amphibole, while 
the groundmass consists of duartz, diopside, microcline perthite, plagioclase, 
muscovite, amphibole, apatite, garnet, zircon, clinozoisite, magnetite and 
Fyrite. The duartz phenoblasts display effects of resorption, replacement and 
recerystallisation; strain effects are also often visible. Muscovite phenoblasts 
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often show poikiloblastic textures. 'The amphibole present in the rock seems to 
be an alteration product of biotite and displays green pleochroic haloes around 
included zircon grains. 'The size of garnet grains varies considerably and 
skeletal grains of this mineral are often encountered. 


At Gonnakraal, local, minor contortions are freguently found and the 
cleavage planes often cut the bedding planes at varying angles. Microscopic 
effects in the form of thrusts to the extent of 0.05 to 01 mm. occur in the 
bedding planes at their intersections with the cleavage planes. An advanced 
degree of thermal metamorphism is furthermore displayed. Sericite has been 
recrystallised to muscovite while biotite becomes an important constituent. 
Local development of plagioclase was noted. 


Immediately east of Gonnakraal epidote is a fairly abundant mineral, but 
seems to be less abundant in the somewhat arenaceous bands in the rocks. 
Garnet, although very rarely encountered, was also found to be present in 
the schists. 


Northwards from Gonnakraal the effects of thermal metamorphism become 
less pronounced, and phyllites and slaty shales are the usual rocks encountered. 

An abrupt change in the direction of strike takes place at Groot Zorgfontein 
and Molen River. 'The strike of the phyllites and slaty shales swings through 
an angle of almost 90 degrees to a north-easterly direction while the dip to the 
south-east varies from about 30” to 45”. 

Immediately opposite Groot Zorgfontein, in the Great Brak River gorge, 
interesting features of metamorphism are displayed by the basal argillaceous 
horizon. Fine-grained clay layers are interbedded with somewhat coarser, slightly 
arenaceous beds. 'These more arenaceous beds are generally slightly thicker 
than the argillaceous bands. 'Two sets of cleavages are present in these 
rocks. 'The one set is more or less parallel to the bedding planes while the 
other cuts the former at an angle of about 30” and dips to the south-west at 
about 60”. 'The second cleavage direction is best developed in the more 
arenaceous bands while it is hardly recognisable in the finer, argillaceous 
lenses. 'The more arenaceous and slightly coarser layers are seen to consist of 
guartz, biotite, muscovite, magnetite, garnet, apatite and tourmaline. Sutured 
contacts between duartz grains are common, while strain effects are indicated 
by the wavy extinction of duartz grains under crossed nicols. 

Macroscopically the argillaceous bands which are composed of dark green 
schists show strong metamorphic effects. Pseudomorphs of sericite after 
andalusite are abundantly present and attain a length of about 2 inches. As 
these crystals are more resistant to weathering than the matrix material, the 
rock is easily recognised in the field by the prominent knobs on weathered 
surfaces. 

Under the microscope these crystals can be seen to consist almost entirely 
Cf sericite, and original andalusite is only seldom encountered. The andalusite 
is being replaced from the borders and along cracks and cleavage traces. Where 
this replacement is not complete, the remaining andalusite displays a slight 
pleochroism from pale yellow to colourless. 

Andalusite grains are usually remarkably free from inclusions, although 
small fragments of dguartz, biotite and magnetite may occasionally be enveloped 
by this mineral. 'The andalusite crystals occur as “eyes” in a relatively fine 
groundmass, and although there exists a general tendency for the long axes of 
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the crystals to be aligned in the direction of schistosity, many crystals are 
Orientated at random. 


The groundmass is relatively fine and consists of duartz, biotite and 
muscovite, with apatite, zircon and magnetite as accessory minerals. Biotite 
predominates over muscovite while duartz is the least abundant of the three 
principal minerals. 'The micas are generally well orientated and give the rock 
a fairly well developed schistosity. 'Thin veins of duartzite traverse the rock 
and seem to indicate the original bedding planes. 'These veins are generally 
free from other minerals, although #flaky biotite is occasionally present in 
minor amounts. . 

Thin veins of a hard and massive rock, which never exceed two inches in 
width, are encountered along the schistosity planes of the basal argillaceous 
horizon in this area. 'These veins are dark-coloured when fresh but weather 
to a pale grey. f 

In thin section the rock constituting these veins is seen to consist of 
relatively fine-grained duartz, muscovite, diopside, tremolite, garnet, chlorite, 
biotite, epidote, clinozoisite, pyrite, magnetite, plagioclase, zircon and apatite. 
The most abundant mineral is duartz, which forms grains with a parallel 
elongation: the general elongation index is about 2.1. Effects of strain and 
recrystallisation are clearly exhibited. 'This parallel arrangement of the auartz 
grains provides the rock with a schistose texture although the other minerals 
are often orientated at random. Diopside is usually associated with colourless 
tremolite which seems to be secondary after biotite. Chlorite, another alteration 
product of biotite, is present in subordinate amounts. (Garnet and light 
greenish, pleochroic epidote occur in fairly large amounts, while colourless 
clinozoisite is sparingly present. 

A little further south, along the Great Brak River opposite Zorsfontein, a 
similar vein in the basal horizon consists of auartz, muscovite, sericite, garnet, 
plagioclase, tremolite, clinozoisite, chlorite, zircon, pyrite and magnetite. 'The 
tremolite is faintly coloured and is pleochroic from bluish-green to brownish- 
green. 'The chlorite is clearly an alteration product of biotite, and green 
pleochroiec haloes are still visible around zircon inclusions. 

Opposite Klein Zorgfontein the exposure of the basal argillaceous horizon in 
the Great Brak River shows a much lower degree of thermal metamorphism 
and contains only biotite, muscovite and albitised plagioclase as metamorphic 
products. @uartz grains show considerable effects of strain and recrystallisation. 
Aggregates of sericite and inclusions of ore material in the argillaceous bands 
of the horizon may indicate the former presence of small andalusite grains. 

In the banks of the Faro's River, immediately north of its confiuence with 
the Great Brak River, the basal argillaceous horizon has been contorted to a 
considerable extent and seems to have been twisted upwards from the eastern 
side by the intrusive granite mass. 'The shear cleavage strikes more or less in 
a north-easterly direction and dips at low angles to the north-west. Downstream, 
however, the dip slowly changes to south-east. 'The shear cleavage planes often 
cut the bedding planes at large angles, thereby freduently obscuring the bedding 
planes completely. North of the confiuence, however, the horizon consists of 
alternating shaly and arenaceous bands. 

In this section the argillaceous bands are composed mainly of aguartz, 
muscovite and cordierite which often has a brown colour due to minute 
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inclusions. Tn contrast with the andalusite-bearing schists of the same 
horizon, the cordierite-bearing rocks contain little biotite. The biotite of the 
cordierite schists is moreover of a dark brown variety which indicates a higher 
iron content. Biotite shows alteration to chlorite while titanite is a relatively 
abundant accessory mineral. 'The ore minerals present are magnetite, hematite, 
iimenite and leucoxene. 


Apart from dguartz, the arenaceous bands contain muscovite, cordierite and 
considerable amounts of calcite. 'The accessories are garnet, chlorite, apatite, 
Zircon and ore minerals. Strain effects can be discerned in the duartz grains: 
they have been only partly recrystallised and residual grains display marked 
wavy extinction under crossed nicols. 


Just north of the village of Great Brak River, outcrops of the hbasal 
argillaceous horizon on the banks of the Great Brak River and in the cuttings 
of the road leading to Blanco, are seen to strike in an east-south-easterly 
direction. 'The rccks dip south-south-westerly at an angle of approximately 
55”, The schistosity is well developed with a lineation plunging in a 
south-westerly direction. Numerous granite pegmatite sills traverse the schists 
of the area. 


When the river is followed downstream from the confiuence of the Faro's 
and Great Brak Rivers, progressive metamorphism of the horizon is clearly 
displayed. lImmediately south of the confiuence, two-mica schists are generally 
present. Plagioclase feldspar with a composition of about Ab, An, is an 
accessory mineral. Sericite is abundantly present. Further downstream, the 
sericite has been recrystallised to muscovite flakes. About 3800 vyards north of 
the granite contact, which runs about 200 yards north of the leather 
tannery, andalusite makes its appearance as small round knobs in the schists. 
Tourmaline becomes an important mineral, especially near the pegmatite 
sills. As the granite is approached the andalusite grains increase in size, and 
attain a length of approximately about 2 inches 70 Yyards north of the 
contact. Nearer to the contact, andalusite disappears completely and the rocks 
become biotite-muscovite-schists. Cordierite was found to be present in a schist 
from the road-cutting about 500 yards north of the tannery. 'The cordierite 
is associated with minute grains of garnet. Biotite and muscovite are present 
in the rock, but the former mineral is less abundant than in the andalusite 
schist at the granite contact. 

Andalusite is again well developed in the road-cuttings about 100 yards irom 
the north-eastern granite contact, but as the granite is approached, the mineral 
disappears and the rocks near the actual contact are biotite-muscovite-schists. 

From the Jonkersberg forest reserve through Kleinfontein, Geelhoutboom 
and Bosrug, the contact between the TMS. and the pre-Cape rocks could 
nowhere be seen. 'The slopes of the Maalgaten River and its tributaries are 
moderate and the river beds are silted up in this area. 'The overburden is 
fairly thick and the presence and position of the crushed contact could only 
be inferred. Since no outcrops are found in this vicinity, there is no evidence 
to indicate the presence of the basal argillaceous horizon between the large 
granite pluton to the south and the TM.S. to the north. It has been deduced 
from the structure of the granite mass that the basal argillaceous horizon had 
been pinched out between this granite mass and the T.M.S., and the area was 
conseguently mapped as such. Outcrops of this basal horizon were, however, 
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found in the Malgas River bed in the Blanco area. In this area the horizon 
strikes in a direction which is slightly north of west and dips southward at an 
angle varying from 60" immediately north of the granite contact to about 80” 
to the south of the crushed contact with the T.M.S. 


Granite pegmatite sills of varying thickness have been intruded along the 
bedding and schistosity planes of the basal horizon. 'The argillaceous rocks are 
composed of guartz, muscovite, albite, cordierite and a little biotite, usually of 
the greenish variety. 'The presence of cordierite in the mica-rich bands is 
apparent in section: the mineral holds numerous inclusions which give it a 
cloudy appearance. Near the contact with the T.M.S. cordierite is absent and 
the rocks are simple mica schists, containing both white and brown mica. 


Along the Kat, Swart, Kaaimans and Silver Rivers the strike veers slightly 
to an east-south-easterly direction, but again swings back slowly to an easterly 
direction. 'The dip is southward and varies from 40 to 70 degrees. 'The lineation 
is well developed and plunges to the south-west at an angle ranging from 
30” to 60”. 

The pre-Cape rocks in the area under discussion show the effects of thermal 
metamorphism and are traversed by numerous sills of granite pegmatite. At 
the contact with the large granite pluton, there occur mica schists which 
contain both brown and white mica as well as subordinate plagioclase feldspar. 
Titanite and leucoxene may be present in small amounts. 


Pockets of white mica are often found near the granite contact, usually 
within a few yards of pegmatite sills. 'They consist almost entirely of muscovite 
with duartz and albite as accessory minerals. 

Dark-coloured patches which occur in the schists at the contact with the 
granite mass contain large amounts of tourmaline. 'The mineral is usually of 
a brown variety, but cores of green tourmaline are freguently found. Biotite, 
titanite, ilmenite and leucoxene are present in subordinate amounts. 

An apparently arenaceous band, which outcrops about 20 feet from the 
granite contact, contains considerable amounts of clinozoisite and garnet, while 
muscovite, zircon and blue tourmaline are present in subordinate amounts. About 
100 yards from the contact, however, large andalusite crystals are present 
throughout the formation, except for thin bands of slightly arenaceous 
rocks. The andalusite crystals along the Swart River road-cuttings are very 
conspicuous and have long attracted the attention of geologists. These andalusite 
schists are encountered in the Swart and Kaaimans Rivers as well as in the 
Silver River, but the grains decrease considerably in size towards the latter 
stream. 

The andalusite crystals occur as “eyes” in a strongly schistose matrix. 'The 
mineral has been commonly replaced by sericite and original andalusite is only 
seldom encountered: where present it is pleochroic in pale yellowish-green and 
shows replacement by sericite along cleavage traces, eracks and around the 
Crystal borders. lInclusions consist of biotite as well as of unresolvable mineral 
grains but are usually rare, and display no definite orientation. 

The andalusite has 2V, — 84* with the mean refractive index 1.638 (4 0.003). 
It is interesting to note that andalusite schists have nowhere been found to 
occur in direct contact with pegmatite sills, but are usually found a few vards 
from them. 'The country rock in direct contact with the pegmatites generally 
contains a large amount of biotite as well as a little muscovite, while garnet 
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is usually sparingly present. 'Tourmaline is fairly abundant and forms grains 
which have their longest axes parallel to the planes of schistosity. 


Cordierite is sparingly present and usually occurs in fairly coarse and 
relatively well crystallised schists. In this connection one thin section was 
found to be of particular interest. The section included two distinctly different 
types of rock, namely (a) a coarse-grained part with little parallelism of the 
minerals, and (b) a fine-grained highly schistose variety. 'The guartz grains in 
the coarser variety may measure up to 13 x 0.9 mm. With an average elongation 
index of 1.5, while those in the finer-grained schistose variety may measure 
up to 0.1 Xx 0.02 mm. with an average elongation index of about 47. 'These 
measurements account for the strong schistosity in (b) and the comparative 
lack of alignment in (a). Cordierite is present in fairly large amounts in the 
coarser rock and forms single grains and scattered aggregates. 'The crystals 
of this mineral are crowded with fine, dark inclusions, probably of ore material, 
which are generally orientated in parallel streaks. 'The eztinction of the 
cordierite grains is parallel to the linear orientstion of the inclusions. 'The 
negative optic angle was found to be 78”. 'The highly schistose part of the 
rock, however, contains no cordierite, but large “eyes” of andalusite, a mineral 
absent in the granular section. While biotite is an important constituent in 
the schistose rock, it is only present in subordinate amounts in the 
Cordierite-bearing variety. 


Hard, resistant and massive dark-coloured rocks are encountered in the 
basal argillaceous horizon in the Swart, Kaaimans and Silver Rivers. 'These 
rocks contain a considerable amount of chlorite, which is an alteration product 
of biotite. Green biotite is occasionally present, and a rock of this type from 
the Silver River bridge was seen to contain large amounts of green biotite but 
no chlorite. Fairly large, euhedral crystals of magnetite are present in this 
rock, while epidote is an important constituent. Biotite from the andalusite 
schists was also freguently found to be altered to chlorite. 


At Upper Barbiers Kraal, east of the Silver River, the basal argillaceous 
horizon disappears beneath a cap of dguartz schists which constitutes the 
“Touws Ranten, and reappears in the road-cuttings of the Touw River. Extensive 
metamorphism has obliterated the bedding planes in the basal schists. A shear 
cleavage is, however, well developed and strikes roughly in an easterly direction 
and dips at about 60* to the south. lLineation is well developed and plunges to 
the south-west. Numerous granite pegmatiite sills have been intruded along 
cleavage planes of the schists. 

Although the rocks of this area are often devoid of any well developed 
schistose structures, rocks from the western bank of the river may display a 
marked parallelism of the mica laths. Under the microscope the shear cleavage 
planes which are spaced about 013 mm. apart, are seen to lie at right angles 
to the planes of schistosity, resulting in a feature which may be described as 
miceroscopic isoclinal folding of the schistosity planes. 

Biotite is abundantly present in the rocks under discussion and, together 
with duartz and muscovite, forms one of the major constituents. 'The ratio 
between the amounts of biotite and muscovite is approzimately as 3 to 2. Brown 
tourmaline and albite feldspar with no twin lamellae but marked zonal 
structures, are abundant accessory minerals, especially in the vicinity of granite 
pegmatite sills. 
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North-east of the Touw River Pass, in the road-cuttings in the Woodville 
forest, andalusite schists are again encountered immediately south of the contact 
between the TMS. and the pre-Cape rocks. 

Fastwards from the Touw River, the basal argillaceous horizon is completely 
covered by a thick layer of soil, the only outcrops encountered being in the 
road-cutting on Turakina, Where extensive weathering has rendered the rocks 
unsuitable for microscopic investigation. 'The contact between the basal zone 
and the Woodville granite pluton could not be studied owing to this thick 
cover of soil and weathered material. 


(ii) The Groot Hoek @uartz Schists 


The Groot Hoek dguartz schists are typically developed on the farm Groot 
Hoek, immediately south-east of Pacaltsdorp. Outcrops on the banks of the 
Skaapkops River provide a good section through this formation. Since the 
guartz schist horizon in this area lies on the northern side in direct contact 
with the intrusive granite, the base of the horizon cannot be seen in this type 
of locality. 

The Groot Hoek duartz schist horizon consists of highly arenaceous rocks 
With a relatively large content of white mica which gives the rocks a 
characteristic schistose texture. 'The rock is medium-grained, and a close 
resemblance exists between these duartz schists and the basal dguartzites of the 
TMS. in the vicinity of George and especially west of the Robinson Pass. 'The 
T.M.S. guartzites are, however, slightly coarser in grain than the guartz sehists. 
The rocks vary in colour from pure white to brilliant reddish-brown and often 
weather to a fine loose sand. 

Owing to extensive planation, the duartz schist horizon forms no prominent 
physiographic features except for the southern part of the 'Touws Ranten, 
immediately west of the Touw River. 

The Groot Hoek duartz schist horizon attains a thickness of about 
2,600 to 2,700 feet and is distributed as patches over a fairly large area. 

A triangular-shaped occurrence is located in the Molen River—Moordkuil 
area immediately south of the T.M.S. contact and west of the Great Brak 
River. Such structures as can be discerned indicate that the rocks strike 
east-south-east in the western and east-north-east in the eastern part of this. 
oceurrence. The south and south-eastward dip varies from about 60” in the 
western to about 38” in the eastern part of the area. Although a glance at 
the map may suggest a greater thickness of the guartz schists in this area 
than was calculated for the horizon, the entire triangle was mapped as consisting 
of the Groot Hoek auartz schists since no outcrops of any kind could be found 
in the northern part of the area. The possibility, therefore, that the northern 
part of this occurrence may consist of a different horizon, is not excluded. 

A second though smaller triangular-shaped occurrence of the duartz 
schists is present in the Oranjetuin—Gonnakraal—Hartebeestkraal area, and 
outerops are well exposed in the Little Brak River. The schists of this occurrence 
strike in an east-south-east direction with a southward dip of about 50”. 

A xenolith consisting of Groot Hoek dguartz schist with a cross section of 
about 70 yards occurs in the granite immediately north of Great Brak River 
village. Owing to lack of outcrops the length of this xenolith could not be 
determined. 'The strike of the rocks of this xenolith is about east-south-east 
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and the dip southward with an angle of about 40”. 'This is in continuity with 
that of the basal argillaceous horizon about 200 vyards north of this xenolith. 

From about 1 mile east of Great Brak River station, a long narrow strip of 
pre-Cape sediments is present, bordered an the northern side by the large 
granite pluton and on the southern side by a large fault which has brought 
the conglomerates and cther sediments of the Enon beds of the Uitenhage series 
in direct contact with the pre-Cape sediments. 

From Glentana eastwards, this strip of pre-Cape sediments is bordered on 
the southern side by a sill apophysis of the main granite pluton on the north. 

The northern section of this narrow strip of pre-Cape sediments is 
composed of Groot Hoek duartz schists as far as the Maalgaten River lagoon. 

The rocks strike more or less east-west, with a dip of about 30 to 35 degrees 
to the south. ` Immediately north of Glentana, a narrow sill of granite has 
invaded the duartz schists along the bedding planes which are coincident with 
the cleavage planes. Lineation is well developed and plunges south-westward 
at an angle of about 28 to 33 degrees. 

Since the weathered slopes at Herolds Bay dip steeper southwards than 
the bedding of this narrow strip of pre-Cape sediments, the Groot Hoek dauartz 
schists are laid bare jn the lower parts of the bay. 'The schists strike 
approximately east-west with a southerly dip of about 20 degrees. 


——— COAST LINE 


DAG. I: Herolds Bay Section (see section CD on geological map). 


A well developed lineation plunges south-south-west. Tntrusive granite of 
the sill apophysis is in direct contact with the schists, having metamorphosed 
and contorted the schists considerably. Numerous duartz veins are encountered 
along joints and cleavage planes. 

From the lagoon at the Gwayang River mouth, the Groot Hoek duartz schist 
horizon is again exposed along the northern side of the strip of sediments, and 
is bordered on the northern side by the large mass of intrusive granite of the 
George pluton. The strike of the rocks changes slightly at the Gwayang River 
so that this strip of sediments runs more or less parallel to the coastline of 
the area. 

At the Molen River gorge, south-east of George, the strike again swings 
slightly northwards to about north-east, the dip being 47” south-eastward. This 
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direction of strike is continued to the Swart River, from where the strike swings 
back to the east-west direction in the Touw River banks. 


From a little east of the Swart River, the Groot Hoek dguartz schists are in 
contact on the northern side with the basal argillaceous horizon. At the 
Touws Ranten the lower part of the duartz schist horizon caps the cerest of the 
anticline and in this manner unites the cutcrops of guartz schist in the southern 
with those of the same horizon in the northern limb of the fold, the anticlinal 
nature of which is thereby indisputably established. 

Outcrops of duartz schist in the northern limb are present in the railway 
cuttings north of George, in the Swart River, north-west of the Saasveld forestry 
school, as well as in the Kaaimans and Silver Rivers. 


In the railway cuttings north cf George the rocks are extensively sheared 
and crushed and the contact with the T.M.S. cannot be definitely estabiished. 
On the Touws Ranten, brecciation is not marked, but the rocks have been 
considerably sheared and are riddled by numerous duartz veins. 

The rocks of this occurrence strike generally in an east-west direction with 
a dip of 55” to 65” southwards. In the upper Touw River, however, the strike 
swings northwards to a ncrth-eastern direction while the dip remains about 
60” to the south-east. Lineation is throughout fairly well developed and plunges 
to the south-west at angles varying from about 20 to 40 degrees. 

From 'Touw River, the duartz schist horizon in the southern limb of the 
anticlinal fold swings from the east-west direction of strike to Langvlei where 
it strikes about east-south-east and dips south-south-westerly at an angle of 
about 52 degrees. 

From Langvlei, the horizon gradually swings around the Woodville pluton 
With which it is in direct contact to strike more or less north-south in the 
excavations of the main road between George and Knysna. 'The schists 
invariably dip away from the granite mass at angles varying from about 50” at 
Rondevlei to about 30” on the Diep River—Goukamma rcad. In the main road 
between George and Knysna the easterly dip of the schists is about 
35 degrees. 'The contact between the Groot Hoek duartz schist horizon and 
the basal argillaceous horizon is seldom seen and is usually sharp With no 
unconformity. In a road-cutting on Molen River, ncrth of Great Brak River, 
however, the contact is gradational with the transitional zone about 30 yards 
wide. This transitional zone consists of alternating bands of duartz schist 
and phyllites. 

Macroscopically little variation is apparent in the rocks of the guartz schist 
horizon, and they can easily be distinguished from all other arenaceous beds 
of the pre-Cape series. It may, as a result of its well developed schistosity, be 
used as a marker horizon. Muscovite is the usual mica present, and can easily 
be distinguished in the hand specimen. In the Hartebeestkraal area, however, 
dark micas seem to predominate over muscovite. lLarger mica flakes are 
furthermore developed in this area. TImmediately north of Glentana effects of 
thermal metamorphism are easily recognisable in the hand specimen. 'The 
rock is clearly recrystallised with muscovite flakes attaining a diameter up to 
half an inch. 

Owing to complete or partial recrystallisation of the guartz grains of the 
Groot Hoek guartz schist horizon, original guartz grains are seldom seen. It 
is evident, however, from direct measurement of original grains encountered or 
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from inference of the measurements of partly crystallised grains, that the 
duartz schist horizon was originally relatively fine-grained, guartz grains seldom 
exceeding 1.5 mm. and being usually less than 1 mm. in diameter. lInclusions 
in the remnants of allogenic dguartz are fairly rare and usually too fine to be 
identified. 'These inclusions may vary from needles to rounded blebs. In a 
few instances the presence of magnetite as inclusions could be discerned. 

The effects of strain are very clearly cbserved in the guartz grains of the 
horizon. Wavy extinction is developed throughout the remnants of original 
duartz grains. Jt is interesting to note that the wavy extinction invariably 
develops parallel to the optic axis or crystallographic axis of the duartz 
grains. (Crushing and partial recrystallisation to a very fine mosaic of duartz 
further indicates the effects of strain exerted on the rocks of the Groot Hoek 
duartz schist horizon. 

In the initia] stages of recrystallisation of the dguartz grains, recrystallisation 
usually commences at the borders of crystals, thereby destroying the sharp 
contacts between original grains and producing an intergranular mosaic of 
minute recrystallised duartz crystals. With more complete recrystallisation 
the mosaic structure progressively disappears with the production of large 
authigenic duartz grains usually free of any strain effects. Sutured contacts 
between these newly formed crystals are often encountered. 'The recrystallised 
duartz grains are characteristically orientated with their long axes more or less 
parallel to the schistosity planes of the rock. lInclusions in the recrystallised 
duartz are usually sparingly present and too small for identification. It is 
clear, however, that these consist mostly of ore material. Cloudy grains due to 
typical dustlike inclusions have never been encountered. 

White mica is an important constituent of the Groot Hoek guartz schist 
horizon and is present throughout, although in varying amounts. In the areas 
least affected by thermal metamorphism, that is areas located Tfarthest from 
the granite plutons, fine sericite aggregates are the usual mica encountered. 
These are usually encountered as intergranular streaks imparting to the rocks 
a schistosity which may be occasionally macroscopically visible. Closer to the 
granite plutons, however, recrystallisation of the sericite to muscovite flakes 
is effected. 'These muscovite flakes are usually small, but in the dguartz schist 
immediately north of Glentana, muscovite flakes attain a diameter of about 
half an inch. 

In the Rondevlei—Wolwerivier area, south of the Woodville granite pluton, it 
is evident that the large muscovite flakes have been disintegrated by subseduent 
dynamic forces into finer sericite aggregates. Remnant muscovite is usually 
crushed, fractured and flexured to a large extent. Apart from being formed 
by the recrystallisation of sericite, muscovite is also seen to be developed as an 
alteration product of biotite, with the simultaneous segregation of ore 
material. 'The muscovite flakes are usually orientated parallel to the schistosity 
vlanes, although slight deviations are encountered. 'The angle with which these 
flakes deviate from the schistosity planes seldom exceeds 30 degrees. 

Although biotite is widely distributed throughout the Groot Hoek duartz 
schists it is generally present in minor amounts. Biotite was not encountered 
in the occurrence of the Groot Hoek schists in the Molen River—Moordkuil 
area, While local patches in the Touw River area were also found to be free 
of biotite. In the Hartebeestkraal—Oranjetuin occurrence on the other hand 
biotite is an important constituent and generally predominates over muscovite. 
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Biotite flakes are generally small and associated with sericite or muscovite, 
from which it appears to have grown. Chlorite is often formed by alteration 
of biotite, while the biotite is sometimes seen to be altered to muscovite with 
separation of ore, producing a streaked aggregate of muscovite flakes and ore 
grains of parallel orientation. 

Chlorite is only present in the Groot Hoek duartz schist horizon as an 
alteration product of biotite, and is conseguently rare. 

Microcline perthite is an abundant mineral in the Groot Hoek guartz schists 
close to intrusive granite contacts, while plagioclase, although less abundant, is 
fairly evenly distributed throughout the horizon. In the case of plagioclase, a 
slight increase in amount is, however, also noticeable close to intrusive 
contacts. Microcline-perthite @rains are vsually Trelatively large (up to 
15 mm. in length), while plagioclase crystals rarely attain a diameter 
of 0.3 mm. 

Although no detailed examination of the perthitic relationships was 
conducted, it was determined that these blebs are usually orientated in the 


(15,0,2), (001) and (010) crystallographic directions. Plagioclase feldspars 
have a composition of about Ab, An, while crystals are twinned according to 
the albite and Carlsbad twinning laws. 

Sericitisation and saussuritisation of the feldspars are common features 
and are usually further advanced in the microcline than in the plagioclase. 
Effects of strain are occasionally displayed by wavy extinction in and the crushed 
nature of the feldspar grains. (Garnet, although present in small amounts, is 
fairly widely distributed in the guartz schist horizon, especially close to the 
granite contacts, and is clearly of secondary origin. (Garnets seem to be best 
developed in the Oranjetuin, Glentana—Herolds Bay and Groot Hoek—Swart 
River areas. This mineral is present in different stages of formation, from 
skeletal to relatively large and homogeneous crystals. The mineral is usually 
colourless in thin section, but grains were found to vary in colour from pale 
yellow to pinkish-prown or dark brown. By means of refractive indices it was 
determined that the minerals belonging to the garnet group are mostly 
andradite and spessartite. A few grains of almandite were also observed. 

Well-formed prismatic crystals of tourmaline are occasionally encountered 
in the contact of the dguartz schist. 'The tourmaline never occurs in large 
guantities and is usually best developed in the vicinity of intrusive pegmatite 
sills. It is usually of a blue colour, although a brown variety is also 
encountered. 'The CO-crystallographic axis of tourmaline grains are usually 
orientated parallel to the schistosity planes, and often parallel to the direction 
of the lineation. 

Epidote was found to be sparingly present in the duartz schist of the 
Hartebeestkraal area. It occurs as an alteration product of the plagioclase 
feldspars which have been saussuritised. Zones of crushing in the feldspar 
grains furthermore contain small grains of epidote as a secondary mineral. 'The 
grains are usually small, and seldom exceed 0.05 mm. in length. A slight 
pleochroism in yellowish-green is observed in the epidote in thin section. 

Kyanite was found to be fairly abundant in the dguartz schists of the 
Groot Zorgfontein—Molen River area. Detailed investigation of the kyanite 
proved it to have a positive elongation, and an extinction angle (y/c) of 
f degrees in the 010 plane. 'The mineral has ?2V. — 4 82 degrees and the mean 
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refractive index is about 1.72. A basal parting and prismatic cleavages were 
observed. Kyanite is colourless. Parallel orientation of the kyanite to the 
schistosity planes provides the thin section with a streaky appearance. 

Fluorite is present in small amounts in the Groot Hoek duartz schists of 
the Glentana area. 'The mineral is slightly purplish in colour and exhibits 
irregular grain boundaries. No particular association with other minerals can 
be detected. 

The following accessory minerals are more or less consistently present in 
the Groot Hoek duartz schist horizon: apatite, zircon, magnetite, hematite, 
iimenite and leucoxene. Apatite was found to be fairly abundant in the Glentana 
area where individual grains may sometimes attain a relatively large size. 'The 
apatite in this area seems to be of metamorphic origin, formed in situ. 

It can be mentioned at this stage that a strip of duartz schists in the 
Herolds Bay—Sandkraal area was mapped on the published map of the Union 
Geological Survey (Mossel Bay, Sheet 201) as belonging to the base of the 
TM.S. as a result of the marked similarity between these schists and the base 
of the TM.S. north of George. 'The strip of supposed infolded T.MS. was 
explained as follows: “These duartz schists dip in a southerly direction below 
the pre-Cape sediments. 'This, however, is but a repetition of the overfolding 
that is seen along the southern foot of the Outeniduas. 'The rocks are very 
similar in appearance to those which have been taken as the basal beds of the 
Table Mountain Series near George” (19, p. 18). 

During the present survey it was found that on stratigraphic grounds these 
guartz schists belong to the Groot Hoek auartz schists and not the T.M.S. as 
described previously for the following reasons: 


(1) Strike and dip relationships relative to the rest of the pre-Cape rOGCKS 
in contact with the Groot Hoek outcrops, are similar to those in an 
undoubted seguence of pre-Cape rocks further to the east in tie 
vicinity of the 'Touw River, while the lithological seguence in the 
direction of dip is identical. 


(9) The characteristically sharp concordant contact between these schists 
and the granite pluton in the Gwayang valley as well as the intrusive 
relationship displayed by the related pegmatites serves to establish 
the age of these sediments beyond doubt. 


(3) The schists of the Herolds Bay—Sandkraal area contain biotite, although 
in small guantities. 'The rocks of the T.M.S. in the area under 
consideration were nowhere seen to contain any biotite. As biotite is 
primarily a thermal metamorphic mineral, it can be reasoned that the 
schists in the Herolds Bay—Sandkraal area have been infiuenced by 
heating, a condition not undergone by T.M.S. of the George area. 


(4) Garnet was found to be present in the rocks of both areas, but whereas 
heavy mineral examinations proved the garnets of the T.M.S. in the 
George area to be depositional and to have suffered at least one cycle 
of erosion, that of the Herolds Bay—Sandkraal area was found to br 
of purely metamorphic origin. 


From these observations it is clear that the schists of the Herolds Bay— 
Sandkraal area have been invaded and metamorphosed by the intrusive granit 
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mass. 'These schists must therefore be classified with the pre-Cape rocks of 
the area, and hence cannot be regarded as infolded strips of the base of the 
T.M.S. as was previously described. 


(iii) The Kaaimansgat Phyllite Band (Marker) 


The Kaaimansgat phyllite band lies conformably on the Groot Hoek guartz 
schist horizen with a sharp contact. The band has a thickness of about 20 feet 
in the type locality, and deviates little from this thickness throughout the 
area. 'The band is remarkably consistent throughout the area and serves as 
an excellent marker horizon in the succession of the pre-Cape sediments. 

Outcrops of the Kaaimansgat phyllite band are encountered in the railway 
cuttings and excavations in the Great Brak River station—Maalgaten River 
area, at Herolds Bay, and are consistently present in all river banks and other 
excavations between the mouth of the Gwayang River and Langvlei. Tt is 
again exposed on Wolwerivier and in the Geelhoutboom River, east of the 
Woodville granite pluton. As this phyllite band lies conformably on the Groot 
Hoek duartz schist horizon, the strike and dip of the beds, and the trend and 
plunge of the lineation developed in the band, are virtually the same as those 
of the dguartz schists on which it lies, and a detailed description of these will 
therefore be unnmecessary. 

The Kaaimansgat phyllite band generally consists of fairly homogeneous 
fine-grained argillaceous sediments of bluish-green colour. IJt is occasionally 
observed that duartz and micaceous material segregate to form a finely streaked 
rock of alternating white duartzitic and pale grey clay bands. In the Groot 
Hoek area the band contains layers of dark-coloured carbonaceous clay material 
alternating with white guartzitic bands. 2 

Under the microscope it is evident that the rocks of the Kaaimansgat 
phyllite band have been affected rather severely by thermal metamorphism in 
the vicinity of the intrusive granites, while farther from these intrusive bodies 
the effects of dynamic metamorphism are prevalent. (G@uartz grains have been 
recrystallised completely in the area subjected to thermal metamorphism, while 
strain effects, wavy extinction and crushing of the grains are commonly 
encountered farther from the granite. (G@uartz grains are usually small and 
seldom exceed 0.1 mm. in length. 

Muscovite is an abundant mineral, especially in the Glentana—Kaaimansgat 
area. Further east, sericite is the usual white mica. Biotite is slightly less 
abundant than the white mica, but taken together the micas form the most 
important constituent of the marker horizon. 'The micas are mostly tabular in 
form and usually orientated parallel to the schistosity planes. 

Chlorite is present in small amounts in the rocks of the Glentana—Herolds 
Bay area. Although the marker phyllite band in the Herolds Bay area resembles 
a chlorite schist closely, the rock contains large amounts of muscovite and 
light brown biotite. Chlorite which has been identified as penninite is only 
present in these rocks as an alteration product of biotite. 

Although feldspars are encountered practically throughout the horizon, these 
minerals are present in accessory amounts. In the Herolds Bay area, Zoning 
is well displayed by the plagioclase feldspars. The cores of these feldspars are 
furthermore usually crowded with inclusions while the outer rims are totally 
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devoid of inclusions. The composition of the plagioclase feldspars is about 
Ab,, An, to Ab, An,.. Alkali feldspar is invariably of the microcline variety. 

Garnet was found to be present in the Kaaimansgat phyllite band 
immediately north of Glentana, while a few grains were observed in this band 
at Herolds Bay. 

Calcite is abundantly present in the horizon along the railway cutting 
leading from Outenigua siding to the Great Brak River. Tt is most abundant 
in the guartz-rich bands in the horizon, but occasionally the micas are almost 
totally replaced by calcite. 'The calcite is clearly of secondary origin and is 
probably derived from the overlying limestone. 

Tourmaline is not a common mineral and is only developed close to 
pegmatitic intrusions. It was seen to be best developed in the (Glentana 
area. 'The tourmaline is usually of both blue and brown varieties. 'The grains 
are small and generally well orientated with their long axes parallel to the 
schistosity planes and often parallel to the lineafion. 

Epidote is fairly abundant in the schists of the marker band at Herclds 
Bay. It is usually associated with mica-rich bands and seems to be most 
probably an alteration product of plagioclose, a mineral fairly abundant in these 
mica-rich bands. 'The grains vary considerably in size although they seldom 
exceed 0.05 mm. in diameter. No preferred orientation of the epidote could 
be detected. 

Carbonaceous material is abundantly present in the dark bands in the 
horizon in the Groot Hoek area. 'This material concentrates to form lenses 
of carbonaceous matter, free of any other minerals, alternating with guartz-rich 
lenses. 'The carbon in these rocks, however, forms but a small percentage 2f the 
rock and is of a flocculent nature. 

Interesting relations are exhibited between the different titanium-bearing 
minerals in the Glentana—Herolds Bay area. lTImenite seems to have been 
present in fairly large amounts as original titanium mineral. Alteration of the 
ilmenite to leucoxene was accomplished to a fairly advanced extent and little 
original ilmenite is now present in the rock. Leucoxene has furthermore been 
recrystallised to titanite. Although the latter recrystallisation is incomplete, 
titanite can clearly be distinguished, usually still having a rim of leucoxene. 

The following accessory minerals are scattered more or less throughout the 
horizon: zircon, apatite, rutile, magnetite and hematite. 


(iv) The Kaaimansgat @uartzite with Intercalated Phyllite Band 


The Kaaimansgat guartzite horizon is typically developed in the Kaaimansgat 
area and lies conformably on the Kaaimansgat phyllite band. It attains a 
tnickness of about 1,000 feet in the type area but thins out somewhat to the 
east and west to about 900 feet. 

The guartzites are encountered immediately south of the Groot Hoek dguartz 
schists from Glentana to Langvlei. They are again encountered north of 
Swartvlei where they can be followed along the Geelhoutboom River on the 
eastern side of the Woodville granite pluton. 'The strike and dip of the beds, 
and the trend and plunge of the lineation, are virtually the same as those of 
the Groot Hoek guartz schist and Kaaimansgat phyllite horizon. An impersistant 
intercalated phyllite band varying in thickness up to 90 feet, and resembling 
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the Kaaimansgat marker phyllite closely, is encountered in the Gwayang 
River—Skaapkoeps River and Kaaimansgat—Touw River areas. 'This phyllite 
band occurs about in the middle of the Kaaimansgat dguartzite succession. 
Microscopically there is practically no difference between the intercalated 
phyllite band and the Kaaimansgat marker phyllite band in corresponding 
areas. Carbonaceous material is, as is the case with the marker phyllite 
band, present in the intercalated band in the Skaapkops River area. 'The carbon 
is of a flccculent nature and constitutes only a small part of the rock. 


The Kaaimansgat duartzite is medium-grained and fairly massive. Owing 
to the presence of less micaceous material than in the Groot Hoek guartz schist 
horizon, foliation and lineation are less pronounced. Lineation is usually 
characterised by the elongation of dguartz grains in the same direction, giving 
the rock a linear appearance. 


Micrcscopically the duartz displays advanced effects of strain, wavy 
extinction and crushing. Recrystallisation to varying degrees has taken place 
and duartz grains are usually found to be either partly or totally recrystallised. 
Sutured contacts between duartz grains are often encountered, while minute 
recrystallised duartz grains often fill the interstitial gaps between the mineral 
components. 


In the Herolds Bay area totally recrystallised duartz grains display wavy 
extinction to a moderate extent. 'This is no doubt due to renewed shearing 
stresses after the completion of recrystallisation, a feature which will be discussed 
in a subseguent chapter. 


White micas are encountered throughout the horizon, although they are 
much less abundant than in the Groot Hoek duartz schists. 'The relation 
between muscovite and sericite is generally the same as in the Groot Hoek 
guartz schist, and a detailed description is regarded as unnecessary. Muscovite 
flakes are usually small and seldom exceed 0.5 mm. in length. 

Biotite is much less common: it is generally encountered throughout the 
horizon, but may be absent locally. The flakes are usually small and commonly 
do not exceed (0.02 mm. in length. 

In the Herolds Bay area, biotite of a light brown variety is seen to be 
altered to chlorite. Biotite may also, as previously described, alter locally to 
muscovite with the segregation of ore material. 

Chlcrite was only encountered in the Herolds Bay area. 'The chlorite of 
this area is clearly an alteraticn product of biotite, and was never seen as a 
primary metamorphic product. 

Feldspars are fairly abundant in the Kaaimansgat duartzites. Microcline 
seems to be slightly in excess over bplagioclase. Distinction betweez these 
minerals is, however, often difficult owing to the freguent absence of 
twinning lamellae. 

In the Groot Hoek area pcrphyroblasts of microcline are common in a 
relatively fine-grained rock, while this mineral is also an important constituent 
of the groundmass. (It is interesting to note that the porphyroblasts of 
microcline do not exhibit any cross hatching. Most of the fine-grained microcline 
in the groundmass, however, has well developed cross twinning lamellae. 

Feldspars in the Herolds Bay area are crowded with inclusions and resemble 
cordierite closely, but detailed investigation proved the absence of the latter 
mineral. Feldspars are abundant in these rocks and are usually concentrated 
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in duartz-poor lenses, while they are generally absent in the guartz-rich 
Zones. Epidote is rarely encountered in the duartzites and occurs only as 
alteration product of the feldspars. It is present in the Herolds Bay, Groot Hoek 
and (Geelhoutboom River areas. 'The grains are usually small and often 
concentrate to relatively large aggregates. lIn the Geelhoutboom River area 
epidote is accompanied by clinozoisite which occurs in accessory amounts. 

Clinozoisite is often seen to be included in aggregates of epidote. Epidote, 
however, always predominates over clinozoisite. 

Garnet was found present in the duartzites of the Herolds Bay area, 
although in small amounts. The garnets are clearly of metamorphic origin 
and skeleton crystals of this mineral are often encountered. 

Graphite of a flocculent nature was fcund to occur in the aguartzites of the 
Groot Hoek and Herolds Bay areas, although far less abundant than in the 
marker phyllite horizon of the Groot Hoek area. 

Ottrelite is fairly abundant in the dguartzites of the Kaaimansgat area. In 
this area the duartzites have a greenish colour and this colouring is no doubt 
caused by the presence of ottrelite. 'The ottrelite grains are usually small, but 
may vary up to 0.5 mm. in length. 'Twinning of the grain is a common feature. 
Although the grains may be orientated in any possible direction, there is a 
general tendency for the crystals to be aligned with their long axes parallel 
to the schistosity planes of the dguartzites. 

IImenite, as in the case of the marker phyllite horizon previously 
described, alters to leucoxene which in turn recrystallises to titanite. 'These 
minerals occur throughout the horizon. 'The formation of titanite, however, is 
best developed in the Herolds Bay area. 

Zircon, apatite, hematite and magnetite are the usual accessory minerals 
in the horizon. 


(V) The Victoria Bay Phyllites 


The Victoria Bay phyllites attain a thickness of abcut 1,000 ft. and lie 
conformably on the Kaaimansgat duartzites. 'The contact between these horizons 
is usually sharp, except for the Victoria Bay area where a transitional zone 
about 150 feet thick is present. 'This Zone consists of alternating bands of 
guartzites and phyllites, guartzites being predominant in the lower section and 
phyllites in the top part of the zone. 

The easternmost outcrops of the Victoria Bay phyllites are encountered at 
Roode Klip and the mouth of the Skaapkops River, south-east of Pacaltsdorp. 
From these outcrops the phyllites can be followed to Langvlei where they 
disappear beneath the younger sands and sand-dunes. 'They are again 
encountered in the road excavations south-west of the Karatara settlement, 
east of the Woodville granite pluton. 

It is expected that rock outcrops occur in the Hoogekraal River in the 
Woclwe Eiland area, but owing to the presence of impenetrable indigenous 
forests, this area could not be investigated. 

A broadening on the map of the horizon in the Karatara area must not 
pe attributed to a thickening of the phyllites in that area, but rather to a 
progressively lower angle of dip to the east. Undulations of and minor 
contortions in the bedding planes further tend to broaden the zone in which 
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outerops of this horizon are encountered. An inlier of the Victoria Bay phyllites 
is encountered in the Karatara River at Barrington, along the main road between 
George and Knysna, 'This inlier was exposed by the relative upthrow of the 
sediments on the eastern side of a fault striking approzimately north-north-west 
to south-south-east. 


The Victoria Bay phyllites consist mostly of dark-coloured phyllitic shales 
with a fine texture. 'Thin intercalated bands of hornstone and arenaceous 
material are, however, often encountered. 'These hornstones are generally hard 
and more resistant to weathering than the phyllites, and are often prominently 
exposed in the river banks. 


Microscopically a marked difference is observed between the phyllitic and 
hornstone bands. 'The phyllites are usually somewhat iiner grained than the 
hornstones, while the schistosity is always better developed in the phyllites, the 
hornstones often being microgranular in texture. 


Although guartz is an abundant mineral] in both phyllites and hornstones, it 
is of greater importance in the hornstones. Individual grains in the phyllites 
may attain a diameter of up to 0.4 mm. whereas they often exceed 0.75 mm. in 
the hornstones. Progressive recrystallisation, as in the case of the underlying 
horizons, was observed in various localities. Elongation of duartz crystals 
parallel to the schistosity planes is often observed. 


While duartz is the predominant mineral in the, hornstone bands, micas are 
the most important constituents of the phyllites. Of the different varieties, 
white mica seems to be the most abundant. 'The relation of muscovite to 
sericite has been described previcusly. IJt is noteworthy that muscovite is the 
predominant variety in the neighbourhood of intrusive bodies while sericite is 
more common further away. 


Sericite is usually rare in the hornstone bands, muscovite being the usual 
mineral present. 


Biotite, although subordinate to white mica, is an important constituent of 
the phyllites. Tt usually occurs in the hornstones as an abundant accessory 
mineral. 'The flakes are usually small and closely associated with muscovite 
flakes. Biotite alters to chlorite in both the phyllitie and hornstone bands; 
chlorite, however, seldom being an important constituent of the rock. 


Feldspars are present in both phyllites and hornstones as accessory 
minieral], microcline usually being in slight excess over plagioclase. Round 
inclusions are generally present in the feldspars in which twinning is 
commonly developed. 


Tourmaline of a brown variety is sparingly present in the rocks of the 
Victoria Bay phyllites in the Victoria Bay, Kaaimansgat and Duiwe River 
areas. 'The grains are small and commonly orientated with the long axes 
parallel to the schistosity planes and lineation direction. 

Epidote and clinozoisite occur in accessory amounts in the hernstones of 
the Kaaimansgat—Touw River area. These minerals are usually associated 
with each other and seem to be alteration products of the feldspars. 

The relation between the titanium-bearing minerals titanite, leucoxene and 
ilmenite, previously described, was also observed in the rocks of the Victoria Bay 
phyllites, these titanium minerals being fairly commonly encountered 
accessories. 
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Garnet with a light brownish colour was encountered in the phyllites of 
the Victoria Bay area. 'This mineral is, however, sparingly present. 

Graphite was found to be present in the phyllites encountered in the 
road-cuttings of the main road east of the Woodville granite pluton. 'The 
Carbonaceous material is of a #flccculent nature and forms a very small 
percentage of the rock. 

Zircon, apatite, magnetite and hematite are the usual accessory minerals 
present in the horizon. 


(vi) Victoria Bay Feldspathic @uartzites 


The Victoria Bay feldspathic aguartzites, lying conformably on the Victoria 
Bay phyllites with a sharp contact, are well exposed in the railway cCuttings 
and sea-cliffs of Victoria Bay. 'The full development of the horizon is, however, 
not seen in this type locality owing to intrusion of the granite sill apophysis 
in the succession. The full development of the succession has nowhere been 
seen, but is probably exposed in the inaccessible banks of the Hoogekraal—Swart 
River in the Wolwe Eiland area, north of Swartvlei. It was deduced that the 
Victoria Bay feldspathic duartzites attain a thickness of about 2,200 feet. 'The 
rocks of this horizon are exposed in the sea-clifs immediately north of the 
granite sill, from immediately east of Roode Klip to Kaaimansgat, from where 
it turns inland to Langvlei. 'The horizon is again exposed in the Karatara River 
and in road excavations about 24 miles east of Barrington. A broadening of the 
Zone in which outcrops of this horizon occur in the Barrington area must again 
be attributed, as in the case of the Victoria Bay phyllites, not to a considerable 
increase in thickness of the horizon, but to a decrease in the angle of dip of 
these duartzites. 

Commencing at Roode Klip, the duartzites are Seen to be relatively fine 
and even-grained with an occasional slightly conglomeratic band. 'The feldspar 
content is relatively low. ËEastwards, however, the rocks increase in grain size 
and feldspar content to appear in the Barrington area as relatively coarse-grained 
highly feldspathic duartzites. Feldspar usually weathers white, providing the 
rock with a distinctly specked surface. 

The duartzites from the Victoria Bay area exhibit marked and interesting 
effects of thermal metamorphism, and these rocks will therefore be described 
separately. 

The duartz grains in the rocks vary considerably in size and may attain a 
diameter of up to 3 mm. As in the case of the duartz of horizons lower down 
in the succession, the duartz of the Victoria Bay feldspathic horizon has been 
reerystallised to varying extents. In the vicinity of intrusive granite, as in the 
Roode Klip—lILangvlei area, recrystallisation 'is far advanced and original 
sedimentary grains are fairly uncommon, while in the areas far from such 
intrusive bodies, such as the outcrops in the Karatara area, recrystallisation 
is in the initial stage and strain effects are common features of the duartz 
grains. Small inclusions are usually found in the original duartz grains, but 
recerystallised dguartz is usually devoid of inclusions. Progressively Tfarther 
advanced recrystallisation of the duartz in the direction of the westernmost 
outercps may probably explain the gradual decrease in grain size of the rocks 
from east to west, since large crystals are rarely formed in the process of 
recrystallisation. 
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Feldspar is an abundant accessory mineral of the Victoria Bay feldspathic 
guartzites in the western area, but increases in guantity eastwards, to become 
an important constituent of the rocks in the Karatara River area, in some 
specimens being more abundant than guartz. 'The feldspar grains are usually 
small and angular in the westernmost outcrops, whereas large and fairly 
well rounded feldspar grains occur in the auartzites of the eastern area. In 
the Barrington area feldspar grains were observed to attain a diameter of 
up to 34 mm. 


Microcline is the usual feldspar present with plagioclase as accessory 
mineral. 'The microcline is usually cloudy in thin section due to the alteration 
of the mineral to kaolin. 'This formation of kaolin is, however, not far advanced 
and must probably be attributed to common weathering. Feldspar grains 
furthermore exhibit a limited degree of saussuritisation, while epidote and 
clinozoisite may be formed along cracks and cleavages in the feldspars. 'The 
latter minerals usually occur in minute grains and are sparingly present. 


Micas, although present throughout the horizon, are encountered in accessory 
amounts. 'The type of mica present in the rocks seems to be solely governed 
by the distance of the particular rock from an intrusive granite body. In the 
vicinity of granite masses, muscovite is most abundant with biotite usually 
associated `with the white mica. Farther from the intrusive bodies, biotite 
disappears completely while sericite becomes the most important mica. In 
the Karatara River area, muscovite is rarely encountered while sericite occurs 
in aggregates as interstitial material between the feldspar and duartz grains. 


Chlorite is sparingly present in the Roode Klip—Kaaimansgat area as 
alteration product of biotite. Chlorite of primary metamorphic origin was 
nowhere encountered in this horizon. 


Tourmaline was observed in the guartzites of the Karatara River area. 'This 
mineral is, however, present in very small amounts. 'The tourmaline is of a 
brown variety and the grains are usually small and seem to be well rounded. 

The metamorphic mineral tremolite is present in the dauartzites of the 
road-cuttings leading from Wilderness to Wilderness Hoogte. 'The grains are 
usually small and seldom exceed (0.05 mm. in length. 'The long axes of the 
grains are commonly orientated in the plane of schistosity. 'The tremolite is 
faintly pleochroic in a pale blue and has a birefringence of about 0.025. It 
has Va — is and je —la 

Common accessory minerals in the horizon are zircon, apatite, magnetite, 
hematite and the titanium-bearing minerals ilmenite, leucoxene and titanite. 

The rocks of the Victoria Bay feldspathic guartzites in the Victoria Bay— 
Kaaimansgat area, however, display metamorphic features distinctly different 
from the rest of the horizon. 

Tn well exposed outcrops in the sea-clifs and railway cuttings on the eastern 
side of Victoria Bay, a bread zone of at least 100 feet in the Victoria Bay 
feldspathic guartzites is seen to contain numerous thin bands of dark-coloured 
limestone. 'These bands are usually 2-3 inches in width and rarely exceed 
6 jinches in thickness. 'This zone is also seen in the western clifs of 
Kaaimansgat, although the zone appears to be much thinner than in the 
Victoria Bay cliffs. The limestone bands and lenses are spaced apart at varying 
heights in the succession and no rhythmic alternation of guartzite and limestone 
bands seems to exist. 
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In the hand specimen the duartzites are seen to have suffered considerable 
metamorphism. Feldspars, although not a very abundant constituent, can 
easily be recognised in the hand specimen. 


The limestone bands, on the other hand, have been subjected to severe 
metamorphism and have been altered considerably. 


Recrystallisation to marble is a very marked consedguence. Further 
metamorphic processes seem to have set up plastic flow of the calcareous material 
to concentrate this in nodules up to about 40 inches in diameter, situated in a 
line along the original bedding plane and connected with each other only by 
a thin band of the same material. 


Tt seems that during this process of plastic flow mixing of the calcareous 
material with the dguartzitic material in direct contact with it has taken place 
to facilitate the growth of large brown crystals of vesuvianite and pale green 
epidote. It is significant to note that although these minerals and this band 
of mixed calcareous and siliceous material form to a small extent on the upper 
side of the calcareous band, it is characteristically always much better developed 
on the bottom side of the band which is also the side distant from the intrusive 
granite sill apophysis. 'This apophysis is exposed in the headlands at the 
entrance to Victoria Bay. 'The zones containing these marmorites occurring 
on the top and the bottom of a limestone band of about two inches in thickness 
have been measured in a representative sample. 'The upper zone varies in 
thickness from about one-eighth of an inch to one inch, while, directly 
opposite, the bottom zone measured from 2% to 44 inches, 


Microscopically the duartzites are seen to consist mainly of completely 
recrystallised medium-grained duartz. Feldspars are abundantly present, 
microcline predominating over plagioclase. These minerals are usually free of 
inclusions and clearly recrystallised. The plagioclase composition was 
determined to be approsimately Ab, An, Garnet occurs freguently as small 
grains while calcite is rare. Apatite, zircon and ore minerals are the usual 
accessories. 

Approaching the limestone bands, garnet becomes fairly abundant and the 
grains increase in size. Medium-grained sugary lenses, up to 2 or 38 inches 
thick, of a brittle white rock are occasionally encountered. These lenses consist 
mainly of duartz and garnet with epidote, clinozoisite, wollastonite, calcite, 
plagioclase, microcline and occasionally vesuvianite as accessory minerals. In 
the close vicinity of the limestone bands, wollastonite, which is almost invariably 
twinned, increases steadily and may cccasionally concentrate in thin layers in 
direct contact with the vesuvianite-garnet-epidote rock which is in turn in 
contact with the limestone bands. Wollastonite was determined to have 
WW. —88, /e—BR (We—B8), v—a—0015 and a mean refractive index 
of 1.630 (4 0.003). 

Ninety per cent. of the limestone bands consist of calcite with clinozoisite 
as main accessory mineral. Epidote, dguartz, light brown biotite, pyrites and 
magnetite occur in very small amounts. G@uartz shows definite signs of 
resorption and corrosion. Clinozoisite, with which the epidote is commonly 
associated, can easily be distinguished from the latter by its abnormal 
interference tints between crossed nicols. 

The vesuvianite-rich bands, which are in direct contact with the limestone 
bands and often replace the limestone bands completely, contain a number of 
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interesting metamorphic minerals. Vesuvianite with a birefringence varying 
from about 0.002 to 0.006 is abundantly present. 

The mineral is usually uniaxial positive, but biaxial crystals with a small 
optic angle were occasionally observed. Tndividual crystals of this mineral 
vary considerably in size but are usually large and may sometimes attain a 
length of about 1 inch. ) 

Grossularite garnet, which is usually medium-grained, is abundantly 
present. Calcite with numerous twinning lamellae is an important constituent. 
Epidote, With a pale greenish colour can easily be distinguished in the hand 
specimen and often ferms thin lenses of pure epidote rock in direct contact with 
the vesuvianite-bearing rocks. (Olinozoisite is present as accessory mineral and 
is much less prominent than epidote. G@uartz is present in small amounts and 
invariably shows signs of corrosioa aad resorption. 

Microcline is an abundant accessory mineral while plagioclase is 
unimportant. Wollastonite is a common accessory and is usually concentrated 
in thin bands through the vesuvianite rock, vesuvianite being occasionally 
replaced by wollastonite. Diopside is present in accessory amounts and has a 
birefringence of about 0.099. 'The positive optic asial angle is 59” and the 
extinction angle v/c is about 39*, while the mean Trefractive index is 
1.675 (4 0.003). One prismatic cleavage is usually moderately developed while 
the second is almost totally obscured by the well developed parting directions. 
The angle between the two cleavages was nevertheless determined to be 87”. 

A white scaly infiltered material can often be seen along the joints and 
cracks of the vesuvianite rock. 'This material consists of calcite and a mineral 
belonging to the zeolite group. 'The mineral is colourless and displays a milky 
pale yellow colour between crossed nicols. ËExamination in convergent polarised 
light produces a weak interference figure which was determined to be biaxial 
positive with the optic angle about 25” to 30”. (On the U.M. stage the grains 
were often found to be uniaxial positive. Biaxial grains were found to be 
positive in some and negative in other cases, with the optic angle varying to 
about 28”. 'The birefringence was determined to be 0.006 while the refractive 
indices y and a were found to be respectively higher and lower than 1486 
( 4 0.003). 'The mineral was identified as chabazite. Laumontite and stilbite 
may be associated with the chabazite, but identification of these minerals was 
impossible owing to the fineness of the material available. 


(vii) The Homtini Phyllites 


The Homtini phyllites constitute the upper horizon of the pre-Cape rocks 
in the George area. They occur in the road-cuttings of the lower Hoogekraal 
River pass, also called the Swart River in its lower reaches, the Karatara, Klein 
Homtini and Hcmtini Rivers. 

The contact between the Homtini phyllites and the Victoria Bay feldspathic 
duartzites is seldom seen. From the areas where this contact can be seen, it 
appears that the Homtini phyllites follow conformably on the Victoria Bay 
feldspathic duartzites, the contact being sharp. 

In the lower part of the Homtini phyllite horizon, the bedding planes 
usually coincide with the cleavage planes of the rocks. 'The strike of the 
bedding and cleavage planes in this part of the succession is about north-east 
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to south-west with the dip south-eastward at an angle varying from about 
25 to 50 degrees. 


From the confiuence of the Homtini and Klein Homtini Rivers northwards 
and north-north-eastwards, to well beyond where the main road passes through 
these rivers, there exists an angular relatioi betwee2a the bedding and cleavage 
planes. 'This relation is well displayed in the road-cuttings of the Homtini 
and Klein Homtini passes. 'The cleavage or secondary foliation is fairly constant 
with a south-east/north-west strike and a south-eastern dip varying from 
about 38” to 52". 'The strike of the bedding planes generally coincides with 
that of the secondary foliation, whereas the bedding planes are undulating 
in the direction of the dip. Although the dip of the bedding planes is usually 
at a lower angle than that of the secondary foliation the angle of dip may 
locally exceed that of the secondary foliation. 'The general angle of dip, 
however, seems to be about 12* to the south-east. 


The horizon seems to attain a thickness of at least 3,700 feet. 


In the Swart River section, the horizon consists mainly of alternating 
layers of pale grey shales and hard weather-resisting schistose grits. An 
intercalated duartzitic layer can be followed from the lower part of the 
road leading from Swartvlei to the Karatara settlement, to the eastern banks 
of the Karatara River where it disappears beneath the cover of soil and 
windblown sand and is not encountered in the Klein Homtini River section. 
Instead of this duartzitic layer, a reddish-coloured porous clayey rock is 
encountered in the Klein Homtini River sections. This rock was later determined 
to be a severely weathered basic intrusive sill, intruded along the secondary 
foliation planes. 'The exact relation between this intrusion and the duartzitic 
rocks was never seen owing to the thick cover of soil and sand. Similar 
intrusive sills but of much smaller dimensions were encountered in the Swart 
River and Homtini River passes. 

The rest of the horizon consists mainly of fine-grained slates, shales and 
phyllites with occasional thin intercalated bends of arenaceous material. The 
phyllites are usually of a greenish-grey colour when fresh and weather to a 
pale grey clay. 

The contact between the Hcmtini phyllites and the T.M.S. overlying these 
unconformably, is seen in the banks of the Homtini River immediately below 
the confiuence of this and the Klein Homtini River. 'The contact is sharp 
and clearly unconformable. Tt dips south-eastward at an angle of about 43”. 
"The rocks of the Homtini phyllites, however, although severely affected and 
altered by shearing, seem to be tilted upwards against the contact plane so as 
to dip northwards with a low angle. 

The phyllites of the area consist mostly of fine-grained auartz and white 
mica, generally in the form of sericite. Recrystallisation to muscovite is, 
however, observed. Biotite, which is often altered to chlorite, is encountered in 
accessory amcunts almost throughout the horizon, but seems to be best developed 
in the Swart River area. 

Plagioclase is a fairly abundant accessory mineral while micrccline is but 
sparingly present. Blue and brown tourmaline is occasionally met with, while 
calcite is locally encountered in the phyllites of the Swart River area. Ottrelite 
is well developed in the phyllites immediately below the contact with the 
"TM.S. in the Homtini River. 'The grains are prismatic and seldom display 
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twinning. A definite pleochroism can be seen in greenish-blue. Zircon, apatite, 
ilmenite, leucoxene, titanite, pyrites, hematite and magnetite are the usual 
accessory minerals. 


The phyllites and duartz veins of the Karatara and Klein Homtini Rivers 
have been extensively prospected for gold, and it is understood from local 
farmers that this element was found to be present in these rocks, although in 
very small amounts. 'The actual reports concerning the prospecting for gold 
in this area could not be obtained. Tt is furthermore understood that 
chalcopyrite had been encountered in the Klein Homtini River while prospecting 
for gold. 


The arenaceous bands and lenses in the horizon consist mainly of 
feldspathic grits. @uartz grains show considerable signs of crushing. Plagioclase 
of an acid nature is the usual feldspar, while microcline is a subordinate 
constituent. White mica, mocstly in the form of sericite, is the common 
micaceous mineral, while biotite, altering to chlorite, is present in small 
amounts. Epidote and clinozoisite are often associated with the mica aggregates 
although they are but sparingly present. 

Tourmaline is a rare constituent while calcite is encountered in the gritty 
guartzites of the Swart River area. Zircon, apatite, ilmenite, leucoxene, titanite, 
hematite and magnetite are presezt in small amounts. Parallel orientation of 
the micaceous minerals gives the rocks a definite schistose character. 


IV. INCLUSIONS IN THE GRANITE 


Xenoliths are present along the borders of the mass. 'The writer is of 
opinion that these inclusions are much more abundant than it may seem from 
the map, but owing to the thick cover of soil, exposures of these bodies are 
limited to river banks and artificial excavations. 

Xenoliths can perhaps best be seen in the Malgas River along the northern 
edge of the large George granite pluton. Floats are furthermore well exposed 
in the George—Victoria Bay railway cuttings, while a xenolithic body was also 
observed at the confluence of the Maalgaten River and Brak Kloof ravine. Other 
exposures of inclusions were encountered along the national road in the 
Brak Kloof banks, at Voorbrug and ncrth-east of Great Brak River where the 
xenolith is intruded by a doleritic sill, at Kievitskraal north of Bottelierskop 
and in a gravel guarry north-east of Georgeheim along the main road from 
Klein Brak River to Eight Bells. A large xenolith of aguartz schist is present 
at Great Brak River, but this body has already been described together with 
the horizon from which it was derived. 

The xenoliths are generally orientated parallel to the foliation planes of 
the encompassing granite, a feature which points to the primary origin of the 
well developed foliation in the granites. 

The three observed xenoliths of the Buffelsdrift (Cressy Farm—Mount 
Pleasant area are apparently orientated obliguely to the foliation planes. 'The 
foliation planes of the granite in the vicinity of these bodies, however, are 
locally turned obliguely to the general direction of strike of the foliation in the 
area, and therefore strike parallel to the xenoliths, a feature which will be dealt 
with in the discussion of the structure of the area. 

Two xenolithic bodies are, however, orientated perpendicular to the strike 
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of the fcliation planes, that is, the scuthernmost body in the upper Malgas 
River and the body on Kievitskraal. 'The xenolithic body in the upper Malgas 
is traversed by numerous guartz veins which run parallel to the foliation planes 
of the granite. Lack of outcrops of the granite which surrounds the xenolith 
at Kievitskraal prevented the determination of the exact relation of the float 
to the encompassing granite. 

The xenoliths of the George area may be divided into four groups: 


(a) Xenoliths derived from the basal argillaceous horizon. 
(b) Xenoliths derived from the Groct Hoek dguartz schists. 
(c) Hornblende-bearing xenoliths. 


(d) Xenoliths free from hornblende and derived from horizons other than 
the basal argillaceous horizon and the Groot Hoek guartz schists. 


(a) Xenoiiths Derived from the Basal Argillaceous Horizon 


Xenoliths derived from this hcrizon are encountered on the northern edge 
of the George pluton in the Malgas River, as well as in the railway cuttings 
between George and Victoria Bay, from about 14 to 24 miles from George railway 
station. In the latter area, however, the inclusions are badly weathered and 
microscopic investigation was almost impossible. 

The xenoliths of the basal argillaceous horizon usually vary from highly 
schistose to granular. It is remarkable that these xenoliths, like the basal 
argillaceous horizon in direct contact with the granite, are devoid of andalusite 
porphyroblasts. 

@uartz is an abundant constituent of these bodies, with the average grain 
size about 0.2 x 0.15 mm. Muscovite is the principle mica, muscovite and biotite 
being present in the order of apprczimately 2 to 1. Muscovite grains may 
vary considerably in size up to about 0.75 mm. in length to 0.2 mm. in breadth. 
'Sericite is furthermore an abundant form. 

Biotite is usually smaller in grain size than muscovite and ranges from 
minute flakes to uo to 04 mm. in length. 'This mineral is ordinarily of a 
brown type, but due to chloritisation, the colour is often altered to a deep green 
as intermediate stage in the formation of chlorite. 

Microcline is not always present, although it may be fairly abundant in 
some bodies. 'The grains are usually medium-sized and generally untwinned. 
Plagioclase with a composition of approximately Ab, An, is less abundant than 
micrceline and clearly of later and secondary origin. Micrccline grains are 
almost invariably rimmed by replacing plagioclase which shows an extremely 
fine polysynthetic twinning. 

Tourmaline is almost invariably present, although not in large amounts. The 
grains, which are generally 0.03 mm. in diameter but may attain a size of up 
to 02 x 01 mm., apparently have no preferred direction of orientation. Brown 
tourmaline is the most abundant variety, although the blue type is of 
importance. 'The blue variety may probably be of somewhat later age than 
the brown tourmaline, since crystals of brown tourmaline are often terminated 
at the ends by the blue variety. (Crystals with a brown core and a blue rim 
have, however, never been encountered. 


364 


Apatite may in some cases be exceptionally abundant, often having perfect 
euhedral crystal forms, a feature suggestive of the metamorphic origin of this 
mineral. Zircon and ore minerals seem to be the usual accessories. 


(b). Xenoliths Derived from the Groot Hoek @uartz Schist 


Xenoliths derived from this horizon can easily be recognised by the same 
schistose and arenaceous nature as that of the horizon from which they have 
been derived. `Xenoliths of this type are encountered in the lower Gwayang 
River, at Kievitskraal and in a gravel duarry along the main road between 
Little Brak River and Eight Bells. 

Microscopically there is little difference between these xenoliths and the 
parent horizon, except, perhaps, for ihe micas which are generally recrystallised 
to form larger flakes than is common in the parent horizon. 

Microscopically the duartz grains are seen to be completely recrystallised 
in scme cases, but may in others still display original grains with marked 
undulose extinction. 

Microcline and acid plagicclase are fairly abundant. Saussuritisation of 
these minerals is a common feature. It is interesting, however, to note that 
plagioclase is usually much more susceptible to saussuritisation than micerocline. 

Muscovite is the main mica and may be present as sericite or as muscovite 
flakes of varying sizes. Biotite, although almost invariably present, is never 
abundant. 

Spessartite garnet of a pink colcur is sparingly present in most of these 
xenolithic bodies. Zircon, apatite and ore minerals are accessory. 


(c) Hornblende-bearing Xenoliths 


Xenoliths of this type are encountered in the Malgas River, at Brak Kloof, 
Mount Pleasant and Cressy Farm. 

When fresh, these xenoliths are easily recognised by their green colour and 
granular nature. Hornb'ende can easily be recognised in the hand specimen. 
The weathered rock is usually of a dark reddish-brown tint and readily 
disintegrates to a fine clay. 

Microscopically hornblende with 2V., — 60” is seen to be the most important 
constituent of the rock. 'The mineral has a positive elongation With 
ve — 16” — 20” and is strongly pleochroic from a light yellowish-green to a 
dark bluish-green. The grains, which have nc apparent preferred orientation, 
may vary considerably in size. 

Plagioclase is an abundant mineral, while microcline is rarely present. 'The 
plagioclase has a composition of about Ab, An. 

Biotite is often an abundant accessory while muscovite is present in small 
amounts. G@uartz is rare and shows marked undulose extinction. Apatite, 
ilmenite and leucoxene are the usual accessories. 

It is to be regretted that no chemical analyses of these xenoliths are 
available, but judging from the mineralogical composition, the writer expects 
these rocks to have the composition of an epidiorite, approximately in the same 
range as the doleritic intrusions of the George area. 

Since no such rocks have ever been enccuntered in the George area, apart 
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from the doleritic intrusions which are believed to be later than the granite, the 
origin of these xenoliths could not be accounted for. 

Inclusions of similar mineralogical composition are also found in the 
granite plutons of Darling, Paarl and Swellendam (36, p. lvii). In the case 
of these plutons, the origin of the hornblende-rich xenoliths is also obscure. It 
is felt that until more detailed investigation of these xenoliths is carried out 
nothing definite can be said as to their origin. 

Scholtz is of opinion that the granulitic inclusions in the Darling area 
were derived from an impure limy horizon which is well exposed on the 
farm Altona (36, p. liv). 


(d) Xenoliths from Horizons other than the Basal Argillaceous Horizon 
and Groot Hoek @uartz Schists 


Xenoliths of this type are mostly encountered in the coastal apophysal sill 
of the George pluton. 

A highly micaceous and schistose xenolith of small dimensions was 
encountered in this sill in the railway cuttings between Victoria Bay and 
Kaaimansgat. 'The rock consists entirely of biotite, muscovite and sericite, 
biotite being in excess over white mica. 'The biotite displays various stages in 
the alteration to chlorite. 

@uartzitic xenoliths are often encountered in the coastal granite sill, the 
best example being enccuntered at Vogelklip, on the western side of Herolds 
Bay. G@uartz grains are partly recrystallised, strain effects being displayed by 
the residual original grains. Biotite and muscovite are present in approximately 
egual amounts, while microcline and plagioclase are subordinate. 

Owing to their small dimensions, other xenoliths have not been indicated 
on the accompanying geological map. 


V. THE INTRUSIVE GRANITE PLUTONS 
REVIEW OF PREVIOUS WORK 


The George granite plutons first attracted attention in 1898 when 
A. W. Rogers and E. H. L. Schwartz conducted a survey of the area between 
Breede River and George (383, p. 57-59). During 1905 Schwartz conducted a 
survey of the area east of George and paid further attention to these granite 
intrusives (387, p. 49). 'These investigators described the granite of the area 
as being predominantiy a white-mica granite, the central mass often being of 
the variety termed giant-granite, in which the feldspar and guartz erystals reach 
several feet in diameter, and the white mica occurs in columns several inches 
in length with a diameter of a penny piece. 'This condition was contrasted 
with that of the granites of the Western Province which were known to be 
typical biotite granites. 

The freguent presence of large prisms of tourmaline, the individual 
crystals, like the guartz and feldspars, often being intergrown with other rock 
constituents, was also mentioned. 'The white-mica-granite was described as 
oeeurring not only in the central mass, as between Pacaltsdorp and the mouth 
of the Gwayang River, but also in the innumerable dykes which pierce the 
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slates cn the periphery, as at the bridge over the Swart River on the Knysna 
road, in the Malgas River at Blanco, and the banks of the Great Brak River. 'The 
black-mica-granite was encountered on the outside of the great mass, but 
the writers stressed the impossibility of saying whether it is confined to this 
position as there are so extremely few outcrops in the district. The 
investigators further noticed the presence of fiuorspar as an accessory mineral 
in the granite at the mouth of the Gwayang River and Victoria Bay (33, p. 58). 


It was further pointed out that the George granite is different from the 
western rock in regard to its internal nature. 'The western granite masses are 
usually solid bosses, that have segregation veins within their substance and 
dykes coming off from the parent mass, but otherwise the cores are in the state 
in which they first consolidated, and show no evidence of having been affected 
by the enormous stresses that acted around them, and altered and crumpled 
the rocks which they have injected” (87, p. 51). “In the George granite, however, 
the mass of the rock has been shifted and crushed, while later injections have 
been thrust into the gaping crevices which formed during the action of the 
mountain-building forces.” 

Schwartz describes two kinds of granitic dyke injections in the Kat River 
area. “In a road-metal duarry some three and a half miles from George, towards 
Knysna, there is shown a very large dyke of binary granite, with a mere trace 
of biotite and tourmaline, injecting a mass of gneiss, which here has weathered 
into a loose sand. Coming from the dyke, there are duartz veins which show 
faulting. Still further along the road, before descending the hill to the 
Kat River, there is a big granite dyke, itself riddled with smaller dykes of 
fine-grained rock, and binary granite with tourmaline. 'The first kind of dyke 
cuts through the coarser rock in the usual way, but the tourmaline pegmatites 
follow joint planes in the rock, and are undoubtedly subseguent to the crushing 
which the parent rock underwent” (387, p. 52). 


Schwartz describes the intensely jointed nature of the granite on the 
southern edge, especially in the Maalgaten River area. 'The general dip of 
the joint planes is to the south or a little to the east of south. A north and 
south jointing super-added cuts the mass into immense blocks, which weather 
cut in the stream beds. 


The presence of two bands of sedimentary rocks in the granite mass in the 
Gwayang River—Herolds Bay area is pointed out. “Near the Gwayang River, 
along the railway cutting, there is a thin strip of slate in the substance of the 
granite; it is only a few feet thick, and is in the condition of phyllite. Further 
towards the coast, there is a wider band, and right on the coast, at Herolds 
Bay, there is exposed a narrow fringe of slate, the gneiss having been worn 
from of it. As we go eastwards, this extraordinary relation of gneiss, slate and 
granite becomes clear. 'The first thin bed of slate widens out into the general 
mass of slate east of the great granite boss, but the second contains many 
peculiar characteristics, and though it eventually merges into the general mass 
of slate, it is separated from it for a good distance by a zone thickly penetrated 
by the granite veins” (37, p. 53). 

In describing the coastal granite sill apophysis, Schwartz assumes this sill 
to join up on the eastern side with the 'Touws River—Hoogekraal mass of 
granite. He further assumes “this mass of gneiss to be a once vertical dyke 
of granite that joined the two large bosses, and that subseguently earth 
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movements were started, which altered the rock into a gneiss, and caused it 
to assume an inclined position” (87, p. 58). 

Part of the granites of the area received further attention during 1930 and 
1931 from $. H. Haughton, who mapped and described the eastern part of the 
Mossel Bay area (Geological Survey of South Africa, Sheet 901: Mossel Bay). 
Although no detailed description of the granites of the area was given, Haughton 
stressed the statement already made by Schwartz that the granite is mainly 
a white-mica-granite (19, p. 926). 

It is of considerable interest to note that Haughton, although he makes no 
mention of it in the sheet explanation, in mapping the Gwayang River—Herolds 
Bay area, indicates only one band of sedimentary rocks preserved in the granite 
mass. 'The band mapped by Haughton has been described by Schwartz as the 
southernmost of the two bands occurring immediately north of the coastal 
granite sill apophysis. (See sheet 201) 

D. L. Scholtz paid a brief visit to the George area during 1943 and 
gave a short but comprehensive description of the granites of the area 
(36, D. XEXViii-xl). 

He concludes, in contrast to Schwartz and Haughton, that “the original 
rocks appear to have been coarsely porphyritic to porphyritic biotite granites 
chemically very similar to, but slightly more acid than, the analogous textural 
facies of the granites in the south-western region” (36, p. xxxix). He further 
states that original muscovite .of probable deuteric origin appears to be 
comparatively rare” (36, p. xl). Secondary muscovite which represents an 
alteration product of biotite seems to be fairly common in highly deformed 
and sheared granite. 


1. DISTRIBUTION OF 'THE GRANITE MASSES 


The granites of the George area occur mainly in two massifs, the George 
pluton and the Woodville pluton. Outcrops of the George pluton are encountered 
from Palmiet River, about four miles west of the main road from Mossel Bay 
to Oudtshoorn, to the Swart River, about four and a half miles east of 
George, a total distance of about 32: miles. 'The major diameter of this mass 
of about 74 miles is in the Geelhoutboom—Glentana area. 'The northern 
boundary of the granite in this area could, however, only be inferred owing 
to the complete absence of outcrops along this boundary. 'The crest of this 
granite mass pitches in the westernmost area, at Palmiet River, westward 
beneath a cover of the basal argillaceous horizon, while in the eastern extremity 
of the mass, the Swart River area, the mass pitches eastward beneath a cover 
of the same horizon. 

The crest of the massif is, however, undulatory with two prominent 
bulges, the highest being in the Maalgaten—Norga Rivers area, the second and 
smaller bulge being in the Schuinspad `area on the main road between 
Mossel Bay and Oudtshoorn. 'The undulatory nature of the crest brings about 
a trough with its lowest point of depression in the Gonnakraal—Groot Zorgfontein 
area. (See section G-H-I-K.) 

As a result of this trough in the crest of the intrusive body, the granites 
in the Palmiet Valley area, immediately east of the Great Brak River, pitch 
westwards, and in the Moordkuil area, immediately west of the Little Brak 
River, eastwards, beneath a cover of the basal argillaceous horizon. 
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These two bulges in the mass are, however, linked on the surface by a 
broad zone of granite on the southern side with its narrowest zone of outcrop 
in the Great Brak River village area. In this area the zone attains a thickness 
of only about half a mile. As a result of this zone of granite linking the two 
bulges in the granite mass, the two peaks in the crest of the mass cannot be 
described as two separate plutons. It may be pointed out that the rocks exposed 
in the banks of the Great Brak River north of the village, up to 34” latitude, 
have been mapped by Haughton as being granite. 'The granite mass linking 
the two granite bulges is bounded on the southern side between Great Brak 
River station and Poespas Valley by a fault which has thrown down the Enon 
series to lie in direct contact with the granite. It seems, however, for reasons 
which will be discussed together with the structure of the area, that this fault 
closely approximates to the original southern boundary of the granite mass 
and has not bevelled of any considerable portion of it. 

The second and smaller massif, the Woodville pluton, commences about 
11 miles east of George. 'The mass is roughly elliptical: the long axis trends 
east-north-east/west-south-west for a distance of 9 miles, while the short axis 
approximates to 3# miles. 'The northern boundary can only be inferred. 'The 
crushed contact between this granite pluton and the TMS. may furthermore 
have cut of part of the pluton on the northern side. 


A granite apophysal sill of the main granite mass occurs along, and is 
probably responsible for, the formation of the steep rugged sea-clifs of the 
Glentana—Wilderness area. From the Wilderness eastwards, the granite sill 
continues eastward where it is separated from the sea by the dunes of the 
Wilderness—Goukamma area. 'The sill can be followed as far as Langvlei, where 
it is cut of by the sudden inland swing of the former coastal clifs. 'The 
thickness of this sill could nowhere be estimated, as no outcrops of any pre-Cape 
rocks are encountered on its southern side. However, it reaches a masimum 
visible thickness of about 0.7 miles immediately east of Herolds Bay. 

A thin sill of granite intrusive in the Groot Hoek dguartz schists is present 
in the eastern bank of the Touw River. 'This sill attains a thickness of about 
100 feet, but owing to a cover of surface deposits its length could not be 
determined. 'This sill seems to have been taken by Schwartz as being the 
westernmost outcrops of the Woodville pluton, hence the name '“Touw River— 
Hooesekraal granite mass” (37, pD. 55). 

The granite plutons of the George area, in contrast to the majority of the 
south-western massifs, do not give rise to any prominent topographic features. 
Owing no doubt to the highly gneissic and sheared condition of the granite 
and the subtropical climate, these plutons have been eroded fiush with the 
700-800 feet Mio-Pliocene marine erosion surface and the narrow #fiuvial 
erosion bench which merges with the former, without any perceptible 
topographic break. 

Although the weather-resisting coastal granite apophysal sill forms no 
prominent topographic features above the marine erosion surface, it has been 
weathered back by marine erosion at the present sea level to form the 
precipitous sea-cliffs of the Glentana—Wilderness area. 

The presence in the southern part of the George granite of two almost 
vertical sets of joints, a west striking joint and a north-south striking joint, has 
brought about the formation of immense joint blocks which weather to rounded 
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boulders in the river valleys, and are probably best seen in the lower reaches 
of the Maalgaten River. (Closely spaced jointing in the Great Brak River— 
Bottelierskop area resulted in the formation of varying sizes of pebbles and 
boulders of granitic material in the Enon conglomerates of that area. 


BExfoliation type of weathering seems to be negligible in the George area. It 
may, however, occasionally be observed in the banks of the Brandwag River, 
west of the main road between Mossel Bay and Oudtshoorn. 


In the subtropical climate of the area, disintegration of the feldspars seems 
to be the usual mode of weathering, resulting in the formation of a siliceous 
clay material. Owing to the well developed secondary foliation of the granites, 
weathering is usually deep and fresh samples. of granite are rarely encountered 
in the higher parts of river banks and road and railway excavations. (Gravel 
duarries in the granitic rocks further substantiate this view. 


In contrast to the fairly massive granites of the Western Province, the 
granites of the George area are highly gneissose —a characteristic which has 
long attracted the attention of geologists. 'The foliation is generally well 
developed, especially in the southern parts of the granite massives, and strikes 
approximately parallel to the outer boundaries of the plutons and, consedguently, 
to the shear cleavage planes of the encompassing sedimentaries. 


The southern contacts of the plutons are seen to dip in a southerly direction 
beneath the sediments at angles varvying from 380* to about 45”. 'The foliation 
of the granite is parallel to this contact. Proceeding northwards, the strike of 
the planar elements is seen to remain more or less constant or may rotate 
slightly in order to be parallel to the northern contact of the granite with the 
sedimentary rocks. 'The angle of dip of the foliation planes shows, however, a 
gradual increase northwards so that the foliation planes dip southwards at 
angles varying from 45* to '5* along the northern contact. In the 
Valekraal—Schuinspad—Palmiet River area, immediately west of the main road 
between Mossel Bay and Oudtshoorn, however, the granites are much more 
massive and foliation is poorly developed. 

Except for the westernmost area, lineation is remarkably well developed in 
the granites, and follows the same general direction as in the sedimentary 
rocks. 'The trend of the lineation varies from about 25” to 45” east of north, 
the general direction, however, being about 38* to 40” east of north. 'The 
plunse is generally to the south-west, except for the north-eastern extremity 
of the Woodville pluton where the lineation, though badly developed in this 
area, plunges north-eastwards at a low angle. Jointing is usually well developed 
in the granites, longitudinal and cross joints being the common joints 
encountered. A third set of joints, more or less vertical to the lineation 
direction, is often present with a steep dip to the north-east. 

The granites of the George area are coarsely porphyritic in texture, the 
phenocerysts being microcline-perthite feldspar. 'These feldspar crystals vary 
in size up to 8 inches in length. Single feldspar crystals which may attain a 
size about 30 by 15 inches have been encountered, but are exceedingly rare. A 
typical cerystal with these dimensions is exposed in the eastern bank of the 
railway cutting about 3 miles from George station, along the Knysna railway 
line. Apart from coarse pegmatite veins in the granite, the coarse “gsiant 
granite” described by Schwartz as occurring in the central mass of granite was 
nowhere encountered. Although the ieldspar phenocrysts may be orientated in 
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all possible directions, there is a slight tendency for these phenocrysts to be 
orientated parallel to the foliation planes. 

The feldspars are usually white or pale bluish-grey in colour, although 
pink feldspars have been found to be present in the Dwarsweg—Great Brak River 
area. Pink feldspar granite is furthermore often encountered in the coastal 
apophysal sill, and may be well seen in the clifs immediately east of 
Herolds Bay. 

The rock of the George granite pluton is generally a biotite granite. 'The 
rocks of the area have obviously been affected by post-intrusion dynamic and 
regional metamorphic processes whereby biotite can often be seen in the hand 
specimen to be severely affected. Muscovite and sericite seem to be alteration 
products of the biotite. This is especially true in the case of zones of more 
definite and extensive shearing. Tn such cases the rocks may resemble 
muscovite granite closely. These zones of shearing in the granite, together 
with the numerous muscovite-bearing pegmatites and aplites of the area, must 
have led Schwartz and Haughton to conclude that the granites are muscovite 
granites and not biotite granites, as was later shown by Scholtz. 

Muscovite granite is, however, occasionally encountered in these rocks. 
especially in the apophysal sill along the coast. Such rocks may be seen 
immediately east of Herolds Bay and also in the Ballots Bay—Victoria Bay area. 

Fine-grained granite was not encountered in the George pluton. Granite of 
a medium grain is, however, occasionally present in small patches, as in the 
lower Maalgaten River. 'The coastal sill, on the other hand, often includes 
lenses of medium to fine-grained granite. 'These also generally seem to contain 
somewhat more muscovite and less biotite than the coarser grained varieties. 

Where the George granite pluton and the coastal apophysal sill consist 
generally of biotite granite, the Woodville pluton seems to be more acid in 
nature and may in general be described as ranging from sa two mica granite 
to a muscovite granite. 

Biotite granite is, however, freguently encountered. Owing to the scarcity 
of outcrops, the precise relation between the biotite and muscovite granites 
could not be determined. Biotite granite was found to be present in the lower 
reaches of the Diep River on Wolwe River as well as in the Hoogekraal River 
pass. Muscovite granite is, however, far in excess of biotite granite. 

Fine to medium-grained granite is often encountered in the Woodville 
pluton and is well exposed in the Diep River about two miles south of the 
main road between George and Knysna. 'The relation of these rocks to the 
coarser grained rocks could also not be determined. 

Apart from the formation of a marked gneissic structure, the granites of 
the George area sesm macroscopically to have sufered no intense mechanical 
deformation. Shear zones are occasionally encountered, especially in the coastal 
sill. The rocks seem to have been sheared considerably along these zones and 
were recemented by subseguent silicification. Along the fault in the Poespas 
Valley—Glentana area, the rocks have often been crushed and brecciated, while 
recementation and silicification are well displayed at Glentana. 'True mylonites 
or pseudo-tachylites were never encountered in the area under investigation. 

The intrusive granite bodies in the area are in general fairly concordant 
with the encompassing sedimentaries, but, in finer detail, the granites often 
cus across the bedding planes of the sediments. In general, the structure of the 
granite masses largely reflects the structure of the pre-Cape rocks in the area. 
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Microscopically the granites display ample evidence of crushing and 
granulation, and the igneous testure of the rocks has often been largely 
obliterated by subseguent dynamic metamorphic processes. 

Apart from the effects of granulation and crushing, the granites show a 
remarkable uniformity in mineralogical composition, notwithstanding the 
occasional variations in texture and general grain size. 'The rocks may generally 
be described as coarse porphyritic gneissic granites, and this term is preferred 
to the term granite gneiss often used by Schwartz. 

@uartz seems to be slightly in excess over potash feldspar and these two 
minerals form the bulk of the rock. Plagioclase, biotite and muscovite, in 
decreasing order of abundance, are present in smaller amounts. Biotite is the 
only primary mafic constituent. The usual accessory minerals are apatite, 
zircon, ore minerals and occasionally sphene. 'Tourmaline usually occurs in 
rocks in contact with pegmatite veins. Fluorite and garnet are occasionally 
encountered, while chlorite, the clinozoisite-epidote group, sericite and rarely 
calcite are of definite secondary origin. 


@uartz 


Original dguartz grains are easily recognised by the relatively large size and 
their invariably pronounced cloudy or undulose extinction effects. Such grains 
are often seen to include minute crystals of apatite, zircon and ore material. 
Many inclusions are too small fo: identification. Rounded duartz grains are 
occasionally completely included in pseudo-poikilitie fashion by Tfeldspar 
phenocrysts. 

Mosaics of granular recrystallised duartz are often encountered. lIndividual 
crystals of recrystallised duartz are usually free of inclusions, but mosaics of 
secondary grains often hold foreign material. Crushed and fractured feldspars 
are often recemented by recrystallised granular guartz. 


Potash Feldspar 


Potash feldspar is the principal feldspar of the rock, and is generally slightly 
less abundant than duartz. Locally, however, potash feldspar may constitute 
the bulk of the rock. (See Table VI) 'This feldspar occurs mostly as large 
phenocrysts in a coarsely crystalline groundmass. Phenocrysts usually vary in 
length from about 0.25 to 3 inches, the majority of grains being about 1 to 1 
inches long. As previously described, potash feldspar crystals may very rarely 
attain a size of about 30 by 15 inches. 

As in the case of duartz, the potash feldspars show ample evidence of 
Crushing and granulation. Microcline perthite phenocrysts have often been 
reduced to angular aggregates of stained crystal #fragments recemented by 
granular mosaics of recrystallised duartz. The potash-feldspar, hevertheless, 
show much less effect of alteration, epidotisation and saussuritisation than the 
plagioclase grains in the rocks. 'These alteration prcducts are, however, often 
observed, but only in rocks badly weathered or severely sheared: the potash 
feldspars are too highly altered and strained to permit microscopic determinaticn. 
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A slight cloudiness may in some cases be observed around perthitic blebs, but 
otherwise the mineral is fairly free of small and dustlike inclusions. The large 
phenocrysts often include rounded biotite flakes and duartz grains. Zircon, 
apatite and ore material are not infreguent inclusions. 


The potash feldspars of the granites of the George area show in the 
majority of cases the typical gsrid-iron, twinning. structure characteristic cf 
microcline. Grains which are completely devoid of twinning were, however, 
freguently encountered. (Careful investigation of the crystallographic orientation 
of the ether axes of these grains on the U.M. stage, however, proved beyond 
doubt that the untwinned potash feldspars are microcline. Orthoclase was 
never found in the granites although this mineral was specially looked for. 


The optic axial angle 2Va of the microcline varies from about 76” to 89”. 
Values as low as 78” were rarely encountered, but even in such cases the 
Orientation of the ether axis proved the mineral beyond doubt to be microcline 
and not orthoclase. 'The average value for the optic angle is 80”, although 
values of 81" and 82” are also commonly encountered. About 10% of the 
microcline crystals which have been investigated have 2V. — 88”. It is commonly 
seen that the optic angle may vary in a single crystal, and variations of up 
to 5” have been determined in such crystals. 


This abpnormal variation in the optiec angle may be due either to strain 
effects or variations in the composition. 'The writer, however, is of opinion that 
it should largely be attributed to the effects of strain. 


Apart from the twinning responsible for the cross-hatching or grid-iron 
structure in the microcline, this feature is of little importance in the potash 
feldspars. Simple twins of large microcline perthite individuals according to 
the Carlsbad law are common and may easily be recognised in the hand 
specimen. 


A characteristic feature of the potash feldspars is the invariable presence 
of perthitic intergrowths. 

The intensity of the perthitisation varies considerably; some microcline 
crystals may contain only a few small plagioclase segregations, while in others 
the perthitic material may constitute a large percentage of the feldspar 
Crystal. Microscopic counts and measurements of the perthitic aggregates proved 
that some grains contain up to as much as 35% by volume of plagioclase. 

This indicates that the granites of the George area are much more 
Soda-rich than the modes of such granites would tend to indicate, a fact borne 
out by the normative composition of the granites. 

It may be remarked that all the different types of perthite described by 
H. L. Alling (2, p. 142) have been observed in the potash feldspars, and further 
that all perthites examined fall well within Alling's type-classification. Stringlet, 
string, rod, band and film perthitic intergrowths, in decereasing order of 
abundance, are the most common types present. 

Careful determinations were made of the crystallographic directions 
preferred by the plagioclase segregations within the microcline feldspar. 
Perthitic intergrowths along the following directions, in decreasing order of 


abundance, were freguently present: (15, 09), (001), (110), (010), (100). Although 
rare, perthitic blebs were also found to follow the directions (320), (021), (201), 
(101), (111) and (ID. 
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1t is evident that the freduent and well developed perthitic blebs recorded 
as being parallel to (001) can be seen to cut the perfect (001) cleavage invariably 
at an angle varying from 6* to 9". In most cases this angle was determined 
to be 7*. 'The perthitic blebs are seen to be orientated perfectly vertical to 
(010). In this connection it is of interest to note that this direction vertical 
to (010) and making an angle of 6 to 8 degrees with (001) represents the direction 
of mean expansion and consedguently also contraction of the potash feldspars 


(1, p. 59). 'The blebs on (801) represent deviations of replacement bands on 


the (110) face to this direction. Blebs orientated parallel to the (201) direction 
alone were never observed. 'The perthite on the steep hemimacro-dome was 


found to be parallel to (15, 02) instead of (13,09) given by Alling, and is in 
accordance with the work of W. C. Brink (8, p. 104), who determined the 


perthite blebs to be parallel to (15, 09). 

The blebs orientated parallel to (101) are often best developed in zones in 
the crystals, the zones being parallel to (100), which may perhaps represent a 
Zone of weakness in the host. It may be pointed out that the direction of 
maximum exbansion due to heating of the potash feldspars, is inclined at about 
18 to 20” to (001 (d, D. 843). 

The following different types of blebs occur on the different crystallographic 
directions: 


(15,09) : stringlets and strings. 

(001) :  strings to rods. 

(110) :  strings and rods and replacement bands. 
(010) :  stringlets and replecement films. 
(100) : strings. 

(320) :  penetrating films. 

(021) :  stringlets. 

(201) : bands. 

(101) :  strings to irregular rods and beads. 
(H1) : fims. 

in) : bands. 


Attention may be drawn to the fact that two distinctly different types of 
perthitic blebs were found parallel to both the (110) and (010) directions. It 
may be assumed that in each of these cases we are dealing with one perthite 
undoubtedly formed by exsolution and a second perthite formed by replacement. 
It may further be pointed out that patch as well as plume perthites were 
distinguished, but owing to the irregularity of these blebs it was impossible 
to determine the crystallographic directions on which these perthites were 
formed. 'The mutual cut relations of the different blebs fully substantiate the 
age classification given by Alling (2, p. 162), based on the type and form of 
the bleps. 

It must be pointed out that usually only two or three perthitic directions 
are developed in the same crystal. In rare cases it was found that blebs are 
orientated in four different directions. Owing to this factor the age relations 
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between perthitic blebs parallel to (021), (010) as well as between (001), (TOD) 
and (110), could not be determined. 
'The following age relations between the perthites were deduced: 


Perthite Origin j ' Temperature 
(021), (010) Exsolution Very high 
(15, 0.2) Exsolution Relatively to very 
high 
(100) Exsolution Relatively high 
(101), (001), (110) Exsolution Relatively to 
moderately high 
(820) Exsolution or Hypo- High 
thermal replacement 
(010), (111) Hypothermal replace- High intermediate 
ment 
(111), (110), (501) Mesothermal replace- Intermediate 
ment 


The temperature ranges at which the different types of perthites have been 
formed are based on the work of Alling on the same types of .perthitic 
intergrowths. 'The presence of patch and plume perthites further indicates the 
formation of perthites by epithermal replacement at a low temperature. We 
can conseguently conclude that perthitic blebs were formed through all 
temperature ranges from very high to a low temperature. 

It may therefore be of interest to attempt a deduction of the temperatures 
at which the potash feldspars crystallised. It is unfortunate that no analyses 
of biotite-free granites were made and a definite correlation between the modal 
and normative composition of the potash feldspars could therefore not be 
made. Various counts and measurements have been made of the different 
perthitic blebs in the potash feldspars of the granites. For this purpose all blebs 
formed by replacement have been excluded in the counts. It was determined 
that the exsolution perthitic blebs may constitute up to about 30% by volume 
of the microcline perthites. From the work of Spencer and Vogt (41, p. 91), we 
may deduce that potash feldspars containing about 30% of perthitic material 
probably crystallised at a temperature of about 800“C. Since in the various 
determinations made, exsolution perthitic blebs were not seen to exceed 30% by 
volume of the potash feldspars, we may assume that the erystallisation of the 
potash feldspars was initiated at this temperature and that it may perhaps also 
represent the temperature of the granitic magma at the time of intrusion. It 
is significant to note that the stringlet and string types of perthitic blebs were 
invariably best developed in potash feldspars which have been perthitised to a 
large degree. 

The exsolution perthitic blebs can be distinguished by their uniform. 
shape, small size and definite orientation. No exsolution perthitiec blebs cceur 
in contact with the margins of unfractured potash feldspar grains, and were 
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never seen to continue from one potash feldspar grain into an adjoining grain 
of the same mineral. 'These blebs furthermore avoid areas around dguartz grains 
included in the host as well as areas in contact with a neighbouring guartz 
grain. 'They are, however, often larger and more abundant in areas near 
neighbouring grains of microcline. 


All the stringlets, strings and rods avoid the extreme sides of the host 
Crystals. Except for the extreme sides, stringlets are usually distributed 
throughout the host grains, but are often less freguent in the centres of the 
hosts. Strings, on the other hand, although distributed throughout the host, are 
usually more crowded in the centres of the host crystals, while rods are usually 
evenly distributed. ` 


The fact that exsolution perthites usually avoid auartz grains may lead to 
the conclusion that these blebs have been formed later than the duartz grains 
which they avoid. Since many of these perthites probably formed at relatively 
high temperatures it seems reasonable to assume that the aguartz erystallised at 
relatively high temperatures. 

Perthitic blebs formed by replacement are usually larger in size and more 
irregular in shape. 'They furthermore do not maintain the same degree of 
uniformity in orientation as the exsolution blebs and fredguently occur on the 
margins, sending tongues into the host. Replacement perthites can also often 
be seen to surround inclusions in the host mineral. 'These characteristics are 
in close agreement with the criteria for the recognition of the various kinds 
of plutonic perthites given by Alling (2, p. 1638). 


A study was made of the relative optic orientation of the perthite hosts and 
guests, and the ether axes of the guest and host were never found to coincide. 
An attempt to determine the exact relation between the host and guest proved 
that this relation is not a simple one, although it seems as if the relation is 
always the same, even for both replacement and exsolution blebs. 

On the contrary, W. C. Brink (8, p. 104) and J. Willemse (45, pD. 86) 
recorded that the ether axes of the hosts and guests coincide in the perthites 
of the Namadualand and Vredefort granite, and ascribe the fact that the host 
and guest do not eztinguish simultaneously, to the difference in the optic axial 
ansles of host and guest. 

Various determinations have been made of the composition of the plagioclase 
bleps. 'The composition varies considerably, from almost pure albite to about 
albite-oligoclase with a composition of Ab, An... The most common eomposition, 
however, was found to be about Ab,, An, With the optic azial angle 2Va about 
71* to 79". 'Twinning according to the Carlsbad law is freduently observed in 
the perthitic blebs. No twinning according to any other law was encountered. 
It is interesting to note that the composition of the adjacent twinning lamellae 
of the blebs may often differ by as much as 7% in anorthite content, and 
compositions of Ab, An, and Ab, An, for adjacent lamellae may often be 
found. 'This difference in composition is substantiated by the fact that a set 
of lamellae extinguishing simultaneously may often be highly sericitised while 
the adjacent lamellae show no signs of alteration. 

The evidence afforded by the perthitic intergrowths in the potash feldspars 
seems to prove beyond doubt that the crystallisation of the potash feldspars 
was initiated at high to very high temperatures and that these feldspars must 
therefore have been among the first minerals to form. 'The central distribution 
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of stringlet and string perthites which Alling (2) has shown to form at very 
hieh and relatively high temperatures, the even distribution, excepting the 
borders, of rod perthite which forms at moderately high temperatures, and the 
distribution of penetrating films, which form at high temperatures, in the outer 
zZones of the crystals, although avoiding the extreme sides, seem to indicate a 
temperature range of cerystallisation for the potash feldspars which extends 
from very high for the cores to high for the outer zones. (Crystallisation during 
the lower part of the temperature range probably took place concurrently with 
the crystallisation of the groundmass minerals, a process which could readily 
have brought about the inclusion of such groundmass minerals in the potash 
feldspar phenocerysts. 'This is borne out by the general presence of inclusions 
in the outer zones only of the potash feldspar phenocrysts. 


Plagioclase 


Plagioclase is much less abundant than microcline and varies considerably 
in amount in rocks from different localities. Plagioclase may constitute from 
about 10% to 25% by volume of the granite, the average granite containing 
about 15% modal plagioclase. 

The effects of cataclastic deformation are less obvious in the plagioclase 
than in the duartz or microcline, owing no doubt to partial recrystallisation. 
Coarse aggregates of granular and acicular grains. of the epidote-clinozoisite 
group and flakes of sericite or muscovite are often enveloped by perfectly 
transparent albite or acid oligoclase. Highly deformed plagioclase is, however, 
not uncommon, and crystals of this mineral may be reduced to aggregates of 
cleavage fragments in which the twin lamellae are 'bent or displaced. 
Sericitisation and saussuritisation are often marked features, crystals often being 
totally sericitised and saussuritised. Calcite is occasionally segregated as tiny 
grains included in the plagioclase. 'This mineral is, however, rare. Original 
large plagioclase crystals appear in some instances to have been replaced by 
microcline, remaining patches of plagioclase included in the microcline being in 
optical continuity with each other and the remains of the original crystal 
bordering the replacing microcline. lInteraction between plagioclase and 
microcline to produce myrmekitic intergrowths was never observed, and if such 
interaction or replacement of microcline by plagioclase did take place, all traces 
of the evidence were probably obscured or removed by subseguent cataclastic 
deformation. 

Polysinthetic twinning, mostly according to the Albite, Carlsbad and Rock 
Tourné laws, is common, the lamellae usually being closely spaced and perfectly 
developed. 

The writer wishes to point out that great care should be exercised in 
establishing the composition of the plagioclase twinned according to the albite 
and albite-ala laws. 

In plagioclase with a composition of about Ab,, An,, freguently encountered 
in the granites of this area, the stereographic projection of the albite twin 
resembles that of an albite-ala twin with a composition of about Ab, An,, very 
closely, and the writer suggests that whenever either of these twins with the 
mentioned compositions is determined, the result should be verified by comparing 
the refractive indices of the feldspar with that of the Canada balsam mounting 
medium. Zoning is a feature rarely seen. 'The zoning when present is of the 
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normal continuous type with a basic core and acidic rim. Difference of more 
than 5% in the anorthite coztent of such cores and rims was never observed. 
The plagioclase feldspar varies in composition from albite of about Ab,, An, 
to acid oligoclase of about Ab,, An,. Generally the mineral composition lies 
between Ab,. An, to Ab, An... Antiperthitic intergrowths were never observed 


Biotite 


Biotite is the only primary mafic mineral in the granites of the area, and 
comprises irom about 3 to 15 per cent. by volume of the granites, the most 
common value ranging from about 9 to 12 per cent. 

The mineral has suffered intense deformation in areas of shearing, but is 
usually relatively fresh and unfractured in the Brandwag River area. In areas 
of shearing, large flakes are almost totally absent. 'The crystals appear ta 
have been reduced to fragmental aggregates of green biotite or chlorite. 

Biotite is generally of a dark brown colour and changes its colour to green 
in the alteration process to chlorite. Sagenitic webs are almost invariably 
developed in the biotite and can best be seen in basal cleavage flakes. 

Biotite, as already mentioned, is readily altered to chlorite, in which process 
the colour of the biotite is first altered from dark brown to green. Minerals 
of the clinozoisite-epidote group probably represent the commonest alteration 
products of biotite, and are commonly associated with secondary sericite or 
muscovite. lInteresting to note is the alteration of biotite, in one case observed, 
to muscovite apparently without change in crystal habit and structure, the 
sagenitic web being well preserved in the secondary muscovite flake. Small 
fiakes of secondary biotite of a slightly lighter brown colour than the primary 
mineral, are often encountered in association with and included in recrystallised 
duartz. These grains usually show no or little evidence of crushing and shearing. 


Muscovite 


Original muscovite of probable deuteric origin is relatively rare in the 
granites of the George pluton, but appears to form the principal mica in the 
Woodville pluton. In the coastal apophysal sill of the George pluton, muscovite 
may furthermore locally be the predominant mica. Such primary muscovite 
crystals are usually relatively large and display evidence of intense deformation. 
They are commonly reduced to bent or contorted aggregates of terminally 
frayed cleavage flakes. 'This reducticn may also lead to the formation of 
aggregates of sericite. 

Secondary muscovite, however, is rarely deformed and commonly occurs in 
large irregular sieve-like patches or mesh-like aggregates, enveloping crushed 
plagioclase or microcline perthite. 'There is a distinct tendency for the large 
flakes of muscovite to develop in nests of fragmental of chloritised biotite, or 
to replace large distorted erystals of that mineral. As described before, minerals 
of the epidote-clinozoisite group, common alteration products of biotite, are 
commonly associated with secondary muscovite or sericite. Subparallel aggregates 
of flaky muscovite or sericite and streaky granular aggregates of clinozoisite 
have developed in the planes of foliation and may partially envelop fragments 
of feldspar. 
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Highly #fractured zircons, crushed apatite and titanite, partly recrystallised 
granular aggregates of brown and blue tourmaline, as well as irregular or 
euhedral grains of garnet are common accessory minerals. (Garnet is 
comparatively abundant in the coastal apophysal sill, while fluorite is 
oEcasionally present in the granite from this sill in the Victoria Bay and 
Herolds Bay areas. 

Fluorite was also seen to replace plagioclase along the cleavage traces in 
the granite of Modderdrift along the main road between Mossel Bay and 
Oudtshoorn. 

Masnetite, hematite and ilmenite are commonly present in the granites, 
althcugh in small amounts. Magnetite is often present as secondary segregations 
from biotite altering to muscovite or sericite. Grains of ilmenite are invariably 
surrounded by regular kelyphitic borders of finely crystalline titanite. 


3. GRANITE PEGMATITES AND APLITES 


The granite pegmatites of the George area are divided into two groups on 
the basis of mineralogical composition, (a) the duartz-microcline-plagioclase 
pegmatites and (b) the guartz-plagioclase pegmatites. From features which will 
be dealt with subseguently, it is deduced that a difference of age of emplacement 
of the two pegmatites exists, the duartz-microcline-plagioclase pegmatite being 
earlier than the dguartz-plagioclase pegmatite. Tt is of interest to note that 
Schwartz records the existence of two types of pegmatites in the Kat River 
area, difering in mineralogical composition and age. 

Owing to the abundance of both types of pegmatites as well as the 
aplites, the geological map had to be generalised to a considerable extent 
With regard to these intrusions. 


The @uartz-Microecline-Plagioclase Pegmatite 


This type of pegmatite occurs mainly as late magmatic intrusions in the 
granite mass. The pegmatite dykes are usually intruded along the foliation 
planes of the granite mass and are seldom found to have intruded along joint 
planes. 'These pegmatites are well exposed in the road-cuttings about 3 miles 
east of George, along the main road to Knysna. It is interesting to note that 
these microcline-rich pegmatites were never found to have invaded the 
sedimentary rocks. 

In the pegmatites coarse-grained, graphic intergrowths between microcline 
and duartz are fairly common. Macroscopically the pegmatites can 
be seen to have suiffered deformation to a relatively large extent, although this 
deformation is not so severe as in the granites of the area. G@uartz grains are 
usually deformed to give aggregates of saccharoidal duartz, large homogeneous 
Crystals being very rarely encountered. Microcline, which can easily be 
distinguished in the hand specimen from plagioclase by its blue colour compared 
to the pure white colour of the plagioclase, is often riddled with cracks parallel 
to the prominent cleavage directions. 'These cracks are often filled with white 
plagioclase material. 


379 


Large tourmaline crystals, when present, are invariably bent or fractured. 
Joint planes developed in the encompassing granite usually traverse the 
mierocline pegmatites without any perceptible break. 

Microscopically the guartz is seen to be crushed and fractured, and original 
crystals invariably exhibit marked undulose eztinction between crossed nicols. 
Aggregates and mosaics of granular recrystallised guartz are common. Microcline 
occurs as large crystals. COrushing is a marked feature and can easily be 
recognised under the microscope. Plagioclase and a little recrystallised aguartz 
usually fill the cracks in the microcline. Cross hatching is not always developed 
in the microcline, but determination of these untwinned potash feldspars on 
the U.M. stage proved them beyond doubt to be of the triclinic microcline 
type. 'The negative optic axial angle usually centres around 81”. Perthitic 
intergrowths are commonly present, but it is noteworthy that the stringlet and 
string type of perthite was never encountered, suggesting a crystallisation of 
potash feldspar in the lower temperature ranges only. No detailed work was 
conducted on the perthites of the granite pegmatites. Replacement perthites 
are, however, present although no large scale replacement of microcline by 
plagioclase was ever observed. 

Microcline and plagioclase are present in the rock in the ratio of about 
60 to 40. 

Plagioclase, like microcline,.occurs usually as large crystals, but smaller 
crystals have also been seen under the microscope. 'The plagioclase feldspar is 
usually less fractured and crushed than microcline, probably owing to partial 
recrystallisation, but the twinning lamellae are often curved, bent and displaced. 
The composition is that of albite or occasionally acid oligoclase. It usually 
centres around Ab,, An. 

Muscovite may in some cases be a fairly abundant constituent of these 
pegmatites, in which case it usually forms large flakes which may range up 
to about one inch in diameter. 

Muscovite is, however, usually present in small amounts or may be 
absent. 'Tourmaline, like muscovite, may sometimes concentrate in certain parts 
of the pegmatites to form large stout prisms, usually bent and fractured, while 
other parts of the intrusion may often be devoid of this mineral. On the whole, 
tourmaline forms only a small percentage of the pegmatites. The tourmaline 
usually consists of a blue core with a brown rim. Biotite is a rare constituent. 
and when present, usually forms small flakes not exceeding a duarter of an inch in 
diameter. Zircon has rarely been fcund present, the grains usually being small. 


The Ouartz-Plagioclase Pegmatites 


@uartz-plagioclase pegmatites are rarely seen to invade the granites of the 
area. A few dykes of this type have, however, been encountered in the granite 
mass, but in such cases the pegmatites are usually present in the immediate 
vicinity of its borders. Such a pegmatite is well exposed in a gravel duarry 
about 3 miles east of George, along the main road to Knysna. It is significant 
that these pegmatites do not follow the foliation planes of the granite mass, but 
have been intruded along the joint planes. 

The guartz-plagioclase pegmatites are best developed and freguently present 
in the sedimentary rocks at the extremities of the granite mass, as in the 
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Swart River—Touw River and Great Brak River areas. 'The pegmatites in the 
sediments follow the shear cleavage or secondary foliation planes closely, and 
seldom deviate from them. 'The general strike is therefore east-west, With the 
steep dip in a southerly direction. 'The pegmatite intrusions may vary in 
thickness from a fraction of an inch to about 20 feet or more. Owing to the 
poor outcrops, the length of these intrusions could not be determined. 


The rocks are usually coarse-grained, and although the effects of cataclastie 
deformation can be detected, these are usmally much less marked than in the 
duartz-microcline-albite pegmatites. 


@uartz grains may be crushed, but they could never be termed saccharoidal 
duartz as is the case with the earlier pegmatites. The duartz grains are oiten 
clear and well preserved, a feature very rarely hnoticed in the duartz of the 
earlier pegmatites. 


Microscopically undulose extinction is prevalent but fracturing is relatively 
insignificant. JIn many cases however, the duartz may still eztinguish 
simultaneously throughout the entire grain. Recrystallisation is not a common 
feature of the duartz of these pegmatites. 


Plagioclase is an abundant constituent, while microcline is absent in most 
pegmatites of this type, but may occasionally be seen as small erystals, occurring 
in small amounts. Plagioclase crystals often have rims slightly more albitic 
than the inner part of the crystals. 'Twin lamellae are often seen to be 
well developed in the mantles of the plagioclase crystals, while they gradually 
become less pronounced towards the cores of the grains. JIn-.such crystals 
the centres are often devoid of twinning. Large plagioclase grains may 
furthermore often be untwinned. Plagioclase crystals may in some cases 
show eifects of cataclastiec deformation. 'Twinning lamellae may be bent or 
displaced while cracks developed through the grains. 'These cracks are commonly 
filled with guartz. Tt is of interest that the cracks filled with duartz are usually 
later than the twinning, which may display the same twinning lamellae in both 
parts of the original feldspar grains. 'The plagioclase of these pegmatites is 
similar in composition to that of the earlier pegmatites. 

Microcline present in these pegmatites shows, apart from the formation of 
perthitic blebs, no signs of replacement by plagioclase. 

Muscovite is a common and important constituent of the duartz-plagioclase- 
pegmatites, usually forming large flakes which are often concentrated in bands 
and streaks. Biotite is exceptionally rare. 'Tourmaline is an important 
constituent which usually forms smaller cerystals in these pegmatites than in 
the duartz-microcline-plagioclase pegmatites. The crystals are often evenly 
distributed throughout the rock, and are generally about a duarter of an inch 
in diameter. 'Tourmaline may, however, sometimes be concentrated to form a 
dark-coloured band in the pegmatite. In such cases the needles are small and 
seldom exceed a duarter of an inch in length. Large tourmaline crystals often 
consist of a blue core and a brown rim. Smaller grains are of a brown 
variety. Perfect prismatic crystals of tourmaline can often be seen to replace 
plagioclase. 

Pink spessartite garnet grains are often encountered in these pegmatites 
and can easily be distinguished in the hand specimen. 'These grains may attain 
a diameter of up to about half an inch. Microscopically the garnet grains can 
be seen to be somewhat fractured, the eracks usually being filled by muscovite. 
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Small grains of zircon are occasionally ercountered although this mineral 
is a rare constituent of the pegmatites. 


Aplitiec Intrusions 


Aplitic intrusions are not abundant in the George area. 'The aplites are 
usually intruded in the granite as narrow dykes a few feet in thickness. Tn 
these dykes the rock is usually very fine-grained and may be described as 
common aplite. In a road-cutting about three miles east of George, a broad 
dyke of a medium-grained tourmaline aplite about 20 to 25 feet thick traverses 
the granite. 

The aplites of the George area have been intruded mostly along joint 
planes in the granite and seldom follow the foliation planes. It has been 
definitely established that the aplites cut the microcline-bearing pegmatites 
while the reverse relation has never been observed. 'This therefore establishes 
beyond dcubt that the aplites are definitely later than the microcline-bearing 
pegmatites. 

Macroscopically little or no deformation can be noticed in the aplites. In 
the coarse aplite, guartz grains may sometimes be slightly crushed. 

A close similarity exists in mineralogical composition between the fine-grained 
and coarser aplites. Albite is the main rock-forming mineral, while guartz is 
the next most important constituent. G@uartz may in some cases exhibit effects 
of granulation and recrystallisation, although this is not a common feature of 
the aplites. Microcline is present in the aplites in very small amounts. 
Replacement of microcline by albite can be seen in some cases, but this process 
does not seem to have brought about large scale replacement of potash 
feldspars. 

Tourmaline, which often replaces the plagioclase, is abundant and evenly 
distributed in the coarse aplite, but often concentrates in layers in the fine 
aplite to give the rock a banded appearance. Muscovite is not abundant but is 
invariably present, while biotite is rarely encountered. Spessartite garnet, 
although present only in small amounts, is a regular constituent. 


Consolidation of and Variations in Granite Pegmatites 


Two main theories have been advocated by various workers for the formation 
of consanguinous pegmatites of different mineral composition from the same 
area: (a) crystallisation of a potash-rich pesmatite with subseguent replacement 
of the potash feldspar by plagioclase, and (b) the formation of immiscible 
 potash- and soda-rich magmas. 

As an advocate of the first theory, W. T. Schaller demonstrated that the 
lithia-pegmatites of Pala, California, have been formed by a succession of 
replacements from an original graphic granite composed simply of duartz and 
microcline. In the first stage of replacement both microcline and duartz were 
partly replaced hy albite, but the graphic texture of the rock was not wholly 
destroyed. 'The displaced potash took the form of muscovite. At a later stage, 
garnet and black tourmaline were formed at the expense of both kinds of 
feldspar, and still later, lithium silicates replaced to some extent all the minerals 
already named (35). S. J. Shand states that “the succession potash-pegmatite, 
soda-pegmatite, lithia-pegmatite, has now been recognised in many lands and 


382 


many localities. 'This order of succession is that of diminishing ionic radii 
(Kiss, Nasss, Lise), Which suggests that the small sodium ions are able to 
diffuse into a lattice containing potassium, and the still smaller lithium ions 
into a lattice containing sodium, while the reverse procedure is difficult or 
impossible .. . . The solutions that efected these replacements in pegmatite are 
believed to be derived from the ccoling magma. At least we are sure of this: 
that the solutions were hot and charged with mineral matter, that they 
followed channels within normal pegmatite veins and sometimes invaded the 
wall rocks, all the while cooling down and changing their composition by 
reacting with the solid silicates. Since residual solutions of the necessary 
character are expectable as end-prcducts of the crystallisation of granitic 
magma, most geologists have been satisfied to accept the magmatic origin of 
the mineralising solutions and to see the complex pegmatites as products of the 
deuteric alteration of simple granite-pegmatite” (39, p. 183). 


Voet has deduced from thermal diagrams of the potash-soda-feldspars, that 
the eutectic ratio for granitic rocks should be about 42% potash-feldspar and 
58% plagioclase. This would imply that the residual liduid after the consolidation 
of a granite magma should contain potash- and soda-feldspars in approximately 
the same ratio (41, p. 97). Spencer concludes from a study of the Kodarma 
pegmatites from Bihar, India, that “duantitatively, the Kodarma pegmatites 
are predominently potassic, the majority being the simple duartz-microcline- 
muscovite type. When the soda-feldspar is present in more than subordinate 
amounts, it occurs almost to the exclusion of the potash-feldspar. 'There is 
nothing approaching the 40: 60 potash-soda-feldspar ratio of Vost's residual 
magma” (41, p. 100). 


Spencer therefore suggested that “these apparently confiicting data can be 
harmonised by assuming that, during the iater stages of the crystallisation of 
the granite, the residual magma separated into two fractions of gradually 
inereasing immiscibility, one very rich in soda, the other rich in potash but 
containing some soda. The latter would represent the magma of ordinary 
granite-pegmatites . ... 


It simply means that the rapidly decreasing mutual solubility of the two 
solid Tfeldspar phases brought about by falling temperature, and possibly 
accentuated by the change to the microcline form, has extended to the liguid 
phase. In the same way that at higher temperatures the intersection of the 
solidus-liduidus with the exsolution curve inhibits the formation of a single 
homogeneous feldspar phase from a magma of binary .cotectic composition, so 
its intersection with the immiscibility curve would prevent the crystallisation 
of the single aguartz-orthoclase-albite cotectie, and give rise instead to two 
separate cotectic magmas. 


Assuming that the potash : soda-feldspar ratios in the potash-rich and 
soda-rich phases are of the order of 60: 40 and 10: 9, the relative proportions 
of the two phases produced from a magma of cotectic ratio 40:60 would be 
approximately as three is to two, ie. the potash-rich phase would be in 
excess. 'This partial magma, largely removed by filter-press action, would give 
rise to the simple granite pegmatites. 

The soda-rich magma, smaller in duantity and possibly denser, might follow 
the channels taken by the potash-rich fluids, to give rise to albitisation and 
the complex pegmatites. It would also tend, in part, to remain between the 
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erystals of the partly consolidated granite, there to give rise to myrmekite, 
deuteric perthite and similar structures, which are often regarded as products 
of late-stage magmatic reaction” (41, p. 101, 109). 

From field evidence, Spencer further deduced that the residual portion of 
the soda-rich magma collects more of the volatiles and nearly all the rare 
elements, and that it retains fluidity to a much lower temperature than does 
the potash-rich magma. 

It has been pointed out previously that the duartz-microcline-plagioclase 
pegmatites have invaded the granites of the George area mostly along the 
foliation planes, and that joints in the granite are also developed in these 
pegmatites without any perceptible break or deviation. We are therefore led 
to conclude that these pegmatites must have invaded the granite mass before 
jointing was extensively developed, i.e. before the granite had cooled down 
considerably. 'The alpite-rich aplites, and pesmatites, on the other hand, have 
been emplaced along the joint planes in the granite, thereby also cutting the 
duartz-microcline-albite pegmatites. This obviously suggests these albite-rich 
dykes to be later than the microcline-rich pegmatites. 

From the descriptions of the dguartz-albite pegmatites, mainly intrusive in 
the sedimentary rocks, and the aplites, intrusive along joint planes in the 
granite of the George area, the similarity in mineralogical composition of these 
two types of late intrusions will be obvious. 'The writer further pointed out 
that no perceptible large-scale replacement of potash- by soda-feldspar has 
taken place in any of the pegmatites described. 'Tourmaline has furthermore 
been found to be more abundant in the plagioclase-rich pegmatites than in 
the microcline-rich pegmatites. 

If it be assumed that the plagioclase-rich pegmatites and aplites have 
originally had a composition with a potash : soda-feldspar ratio of 60:40, 
similar to the existing microcline-rich pezgmatites, replacement of all potash- 
feldspar by plagioclase would have brought about the formation of considerable 
amounts of muscovite. 

Although muscovite is an important constituent of the plagioclase-rich 
pegmatites, it has been pointed out that this mineral is present in the aplites 
as accessory mineral only. 

Even in the case of the plagioclase-rich pegmatites muscovite does not 
exceed 10% by volume of the rock, a figure which would be expected to be 
considerably higher if all the microcline had to be converted to mtuscovite, since 
microcline constitutes from about 50% to 55% by volume of the microcline-rich 
pegmatites. 'The rocks in the immediate vicinity of the plagioclase-rich 
pegmatites and aplites furthermore show no signs of any potash enrichment. 

According to Morey ') there appears to be no experimental justification for 
assuming the existence of immiscible phases during the pegmatitic stage, although 
the author's deductions based on field evidence and microscopic investigation 
tend to favour Spencer's views. 


) Morey, G. W.: Discussion of: “Transportation and Depositon of the Non-Sulfide 
Vein Minerals. III Phase Relations at the Pegmatitic Stage” by F. Gordon Smith. 
Econ. Geol,, Vol. 44, 1949, p. 151. Smith, F. Gordon: “Transportation, El ”. Beon 
Geol., Vol. 43, 1948, p. 535. 
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4. OHEMISTRY OF THE GRANITES 


Chemically, little was previously known about the granitic rocks of the 
George area. 'The first analysis of the granite of the area was conducted in 
1935 by F. Grout. 'The analysis was made of a biotite-muscovite granite of the 
George pluton (16, p. 994). 'Two more analyses, one of the granite from the 
George pluton and the second of the rocks of the coastal apophysal granite sill 
at Victoria Bay, were included by D. Scholtz (36, Table 1A, Nos. 39 and 41). It 
must be pointed out here that, owing to typographical errors, the values of 
MnO, MO and CaO in analysis 39 are incorrect. 'The value of MnO should 
read (0.04, that of MeEO (0.72 and (CaO 1.91. Furthermore, the value of 
k (36, Table 1B) for analysis 40 should read (0.55 instead of (0.71. 

For the present research twelve new analyses have been added, ten being 
of the granites of the George pluton, one of the Woodville pluton and one of 
the coastal sill from Duiwe River. 'The analysis of the granite from. the 
Woodville pluton was worked out from a biotite-rich granite from the Hoogekraal 
River, and therefore unfortunately does not represent the composition cf the 
average granite from that pluton. 

It is unfortunate that no analyses of aplites and pegmatites are available 
and therefore no chemical verification of the mineralogical interpretations 
could be attempted. 

Owing to the ccarse porphyritic nature of the granite rocks of the area, 
determination of the modal composition of the granites could not be made 
from thin sections as these obviously do not represent the mineralogical 
composition cf the rocks dguantitatively. A method of measuring the modal 
composition of these rocks in the field was therefore attempted, in some cases 
with apparent relative success, as a comparison of the modal and normative 
compositions of these rocks in Table VI indicates. It must be menticned that 
the modal composition of rock No. 1 was determined by F. Grout (16, p. 294) 
from a thin section, and this mode was not redetermined. 

Since the granites of the area are generally highly gneissose, micaceous 
minerals tend to be orientated parallel to the foliation planes, and any 
measurement of the modal composition on these planes would therefore indicate 
an abnormally high percentage of micaceous matter. 'The ideal face for the 
measurement of the modal composition of these rocks would therefore obviously 
be on a plane perpendicular to the foliation planes and preferably perpendicular 
to the well developed lineation. (Oross-joints #freguently developed in this 
direction may therefore be the best face fer such measurements, but silicification 
of the joint faces is a common occurrence in the George granites, rendering 
these faces unfit for this purpose. In most cases weathered surfaces 
approximately parallel to the reduired direction were therefore utilised. 'The 
greater susceptibility to weathering of feldspars, especially plagicclase, and 
the micaceous minerals as compared with duartz, would, however, obviously 
tend to render the determinations on the resulting uneven surfaces inaccurate. 

The writer wishes to point out that apart from texsture all these igneous 
rocks could, at a glance at the various Niggli values only, easily be classified 
according to the Shand system. 

Since some difference of opinion existed as to the biotitic nature of the 
granites of the George area, an attempt was made to settle this dispute by 
plotting the values of (fm) as ordinate to (al — alk -- c) as abscissa of all the 
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available analyses. From this diagram, which owing to lack of space is not 
published, it was observed that all analyses display a distinct tendency to STOUD 
at the lower extremity of the biotite field, no analyses falling in the muscovite 
field. It is to be regretted that no analyses of the muscovite granites of the 
Woodville pluton were obtained, since the writer expects these rocks to fall 
within the muscovite field. 


Plotting of the @L. and M. values of the various analyses of granitic rocks 
on the Niggli ternary @LM diagram substantiates the biotitic nature of the 


rocks, since all the available analyses fall well within the biotite field of 
the diagram. 


Considered from the purely chemical standpoint it would therefore seem 
as if biotite rather than muscovite should be expected to appear as primary 
mineral constituent of the rocks of especially the George pluton —a conclusion 
which does not militate against the view postulating the secondary origin of 
muscovite, primarily at the expense of original minerals capable of supplying 
the elements necessary for its formation. In the case of the Woodville pluton, 
however, the writer is of opinion that a primary origin should be postulated 
for the muscovite. 


An attempt was made to determine whether the granites of the George 
area display a general tendency to vary in acidity from the sides of the pluton 
towards the centre. 'The various Niggli values were plotted against the distance 
of the analysed rocks from the nearest sedimentary contact. 'The granites 
were found to be generally homogeneous in composition near the centre of the 
pluton, but. on `approaching the sedimentary contact variations become 
apparent, and no definite conclusions can be arrived at. 

It seems, however, that in general there is no tendency for si, al or fm to 
increase or decrease from the centre to the side of the pluton. Although very 
variable towards the sedimentary contact, c seems to decrease slightly towards 
this end, while alk may show a slight general tendency to increase towards the 
margin of the pluton. 'The value for k which represents the ratio of potash 
to total alkalis may show a slight decrease towards the flanks. P 

Various methods have been utilised to obtain an idea of the variation and 
trend of diferentiation of the granites. 

In the Larsen diferentiation diagram in which the positicn of the analysis 
on the abseissa is determined by 1/88i0, 4 K,O — FeO — CaO — M&O and the 
ordinate by MeEO -- FeO -- Ca0O, the granites of the George area fall on a 
relatively straight line in the lower right-hand corner of the field. A variation 
of only six units along the abscissa and four units along the ordinate was 
observed. No definite conclusions could be drawn from this diagram. In the 
Larsen diagram in which the various oxides are plotted separately against an 
abseissa 1/3Si0, - K,O — FeO — M&O, alumina was found to decrease generally 
with an increase in the position. An increase in FeO, CaO and MO with an 
increase in the position is much less pronounced than in the case of 
alumina. Soda, although irregular, remains fairly constant, while potash 
displays an irregular but moderate increase with increase in the position. 
Silica displays a sharp increase. 

In a diferentiation curve in which the various Niggli values were plotted 
against (1 — mg) x 100, which represents the ratio between iron and the total 
ferromagnesian constituents, al, alk and k revealed no variation, fm and c 
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displayed a slight decrease with increase in (1 — mg) x 100, while si was 
variable. 


In order to determine a possible progressive variation in the relative 
proportions of normative alkali feldspars, ancrthite and femic minerals of the 
analysed rocks, the 2alk, 2(al — alk) and the (100 — 2a1) values respectively, have 
been utilised to represent the composition of each of these rocks by means of 
a point in the ternary diagram. Since all the analyses tend to cluster, no 
systematic variation could be obtained. 


The & — z ternary diagram in Which the ratio z represents the amount of 
anorthite relative to total feldspar, and k the ratio of potash- to soda-feldspar, 
showed all the analysed granites of the George area to fall well within the 
pacific suite and to occupy approximately the same area in the diagram as the 
granites of the Western Province (36, p. Ixxvii). 


More instructive results were obtained from the Niggli diferentiation 
diagram in which the various Niggli values are plotted against si as abscissa 
In this diagram the analyses grouped together in different £roups and average 
analyses of these different groups were calculated respectively. 'These average 
analyses were used as type analyses to deduce the possible trend of differentiation. 
In this manner analysis 15 was taken as type A; analyses 8, 10 and 11 as type C; 
1, 4, 6, 9 and 12 as type D; analysis 7 as type E; analysis 5 as type F;: analyses 
138 and 14 averaged to give type G. 

These different type analyses were now plotted against si and the 
differentiation curves of the different Niggli values constructed (Fig. 1). In order 
to obtain a clearer view of the actual diferentiation of the granite magma, the 
differentiation curves were compared with those of the Western Province as 
compiled by Scholtz (36, Plate xix), as well as. with the average world granite 
differentiation curve compiled by Niggli. 'The analyses of the granitic rocks of 
the George area span an interval along the abscissa si of about 180 units, that 
is from 345 to 599, and therefore increase in si well beyond Nigglis most acid 
type, the aplogranitiec type which has a si value of 450. Since the biotite-rich 
granite of the Woodville pluton is included in the construction of type G 
which has a si value of 522, the writer is of opinion that the muscovite 
granites of this pluton will have a si value of over 550. It is evident that an 
average of the analysed George granites would fall just below Niggli's 
aplogranitiec type. 'The George granites must therefore be considered as being 
abnormally acid granites. Some explanation should therefore be found for the 
biotitic nature of these highly acid rocks. 

A comparison of the diferentiation curves of the George granites with those 
of the Western Province and the Niggli average curves reveals interesting 
features in this respect. A distinct deficiency of al and alk in the George 
granites is revealed when compared with the Niggli curves, while those of 
the Western Province granites follow an intermediate course. On the other 
hand a distinct excess in fm and c is poted in the George granites. The 
Western Province granites in the case of jm again follow an intermediate 
curve, but display a slight deficieney in lime. 

Scholtz attributed the increase in fm and simultaneous decrease in al and 
alk partly to the incorporation into the magma of shaly or other sedimentary 
material poorer in alumina and alkalis and richer in ferromagnesian compounds 
than the original magma (36, p. IXEvi). 
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Xenoliths of hornblende-schists are #freguently encountered in the granite 
of the George area. Unfortunately no analyses of these xenoliths are available, 
but it is obvious that these rocks are rich in lime and ferromagnesian 
compounds, and poor in silica, alumina and alkalis. From the petrographic 
descriptions of the sedimentary rocks of the pre-Cape series of the George 
area, it is obvious that no such sedimentary horizon had been encountered 
in the field. , 

It may be argued that these xenoliths were actually derived from the 
basal argillaceous horizon and that subseguent enrichment in lime and 
ferromagnesians could have taken place. Jn this case the enrichment should 
have been brought about by extraction of these components from the granitic 
magma, a postulate which seems open to criticism if not untenable. 

Although the origin of these xenolithic bodies cannot be accounted jor at 
present, their presence in the granite pluton may be of considerable interest. 

Reaction with or incorporation of such material by the granite magma 
may obviously have brought about the observed enrichment in lime and 
ferromagnesian matter with a simultaneous decrease in alumina and alkalis. 
The increase in fm may well explain the biotitic nature of the highly acid 
granites of the George area. 

It can further be seen from the chemical study of these rocks that there 
is a close agreement between the granites of the George area and those of the 
Western Province. 'The granites of the George area seem to represent the more 
acid phase of the granites of these two areas. From chemical observations it 
may be deduced that the George plutons represent a somewhat later and further 
differentiated intrusion of the large mass of younger pre-Cape granites. 


VI. THE DOLERITIC INTRUSIONS OF THE 
GEORGE AREA 


Numerous basic intrusions are present in the rocks of the (ieorge area. 
These intrusions, which occur as sills as well as dykes, are characteristically 
encountered along the southern or normal limb of the overfolded anticline of 
the pre-Cape rocks, and are best developed in the (Great Brak River— 
Langvlei area. 

The intrusions are usually only a few feet thick, the largest bodies seldom 
exceeding 20 feet in thickness. Although the intrusive bodies could only in a 
few cases be followed throughout, they seem to be relatively short and seldom 
to exceed 100 vyards in length. 

A seemingly large sill of badly weathered doleritic material occurs in the 
Karatara River—Klein Homtini River area. Outcrops of this sill are encountered 
in the Klein Homtini road-cuttings as well as at a few localities in the banks 
of this river. The alignment of these outcrops parallel to the strike of the 
Homtini phyllites in which the sill is .intruded and their presence at 
approximately the same stratigraphical height suggest that these different 
exposures belong to the same sill. The sill attains a thickness of about 60 feet 
in the Klein Homtini River, while the length is estimated at at least 33 miles. 
This is the only large basic intrusion encountered in the area. 

The doleritic intrusions are intrusive in the sedimentary rocks as well as 
in the granites, and are clearly later than the intrusive granite. 'The relation 
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between the dolerites and the pegmatitic and aplitic intrusions of the area 
could not be determined. 'The absence of doleritic intrusions in the Table 
Mountain Series of the area suggests a pre-Cape age for the dolerites. 

Doleritic intrusions in the pre-Cape sediments generally follow the bedding 
and secondary cleavage planes of the sediments, while the intrusions in the 
granite are usualiy in the form of dykes intruded along joint planes, although 
sills along the foliation planes of the granite may occur. 

Tt is apparent from the hand specimen that the doleritic rocks of the 
George area have suffered intense metamorphism, and the term epidiorite 
would perhaps best describe the present nature of the rocks. 

A shear cleavage parallel to that of the encompassing rocks is well developed 
in the doleritic intrusions of the Great Brak River—Langvlei area. Uralitisation 
of the original pyroxenes is clearly far advanced, and the rocks are in many 
cases true hornblende schists with a little interstitial plagioclase. 

The intrusions of the westernmost part of the area, ie. in the Brandwag— 
Palmietrivier—Hartebeestkraal area, are best preserved and may, from the 
hand specimen, be described as slightly metamorphosed dolerites or diabases. 
Original structures have been fairly well preserved in these rocks. 'The intrusions 
are medium- to fine-grained and no primary foliation or lineation seems to 
be present. 

Microscopically the rocks which have suffered comparatively little 
metamorphism still have original textures and structures fairly well preserved. 
Intergranular, subophitic or poikilitic textures are often exhibited, true ophitic 
textures being rare. 

The plagioclase crystals in these rocks are subhedral to euhedral in form 
with cleavage traces rarely present. 

Plagioclase may occur in the finer varieties of the intrusions as phenocrysts 
and in the groundmass. Zoning of phenccrysts is often observed, a feature also 
observed in the feldspars of the coarser intrusives. The composition of the 
original feldspars was determined to vary from about AD, An, in the cores 
and most basic crystals to about Ab,, An, around the borders, values which 
closely agree with those obtained by @. C. Bouman for the doleritic intrusions 
of the Western Province (6). 

Original plagioclase of the above-named composition is, however, rare and 
only encountered in the least altered basic intrusives. 'There is a general 
tendency for the plagioclase to become more acid with alteration, and the 
plagioclase of the majority of intrusions in the area has a composition of 
about Ab, An,. 'This process of de-anorthitisation has been well described by 
Bouman in the case of the basic intrusions of the Wellington—Moorreesburg 
area. 

Caleitisation, saussuritisation, epidotisation and chloritisation are further- 
more characteristic alteration processes undergone by the plagioclase. 

Bouman (6) has determined that the first three of these processes of 
alteration may be illustrated by the following edguation: 


30r. 4 GAN 4 4H,O 4 9CO, — 3$Ser. 4 2Epid. - 2Calc. 4 6@z. 
Since no albite molecules are reguired for this alteration, these molecules 


which are liberated from the altering plagioclase will .concentrate and 
recerystallise to an acid plagioclase. Orthopyroxene has nowhere been encountered 
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in the thin sections of the basic intrusion. Clinopyrcxene, howeaver, is one of 
the major original constituents of the rocks. 'These occur as anhedral to 
subhedral crystals of varying size. 'Twinning is a rather common feature of 
these pyroxenes, the twinning being of the simple type. Optical determination 
of the pyroxenes proved them to be augite, closely resembling those of the 
Wellington—Moorreesburg area. 

The pyroxenes of the basic intrusives of the George area are readily affected 
by metamorphism, the most common alteration product being uralite. In some 
cases, such as numerous doleritic intrusions of the Herolds Bay—Wilderness 
area, the basic intrusions have been completely altered to hornblende schists 
With a little interstitia] plagioclase of alpitic nature. Chlorite is another common 
alteration product of the pyroxenes. Bouman has established that the alteration 
of pyroxene to uralite and chlorite involves an interaction of the pyroxene 
material with plagioclase material, an explanation which seems to be fully 
supported by the present study. 

Biotite, although freguently encountered in the thin sections, is of accessory 
nature. 'The freguent association of biotite with pyroxene and ore material 
tends to indicate a primary origin for this material. 

Olivine was never encountered in the doleritic rocks of the area, although 
this mineral was expected in the more basic varieties. 'The freduent presence 
of serpentine in these basic varieties, however, strongly suggests the former 
existence of primary olivine. 

Apatite and titanite are present in subordinate amounts while ore minerals 
are accessory. 

The altered basic rocks were found to contain duartz in association with 
acid plagioclase, a feature suggesting the secondary origin of this mineral. 'The 
more acid varieties, however, contain duartz exhibiting strain effects. 'The 
further occurrence of partly resorbed and strained guartz phenocrysts suggests 
a primary origin for these strained crystals. 


CHEMISTRY OF THE DOLERITIC INTRUSIONS 


In order to determine the variation and differentiation of the basic 
intrusions of the George area, eleven analyses of basic intrusions have been 
made. No previous analyses of basic intrusions of this area were available. 

It will be noticed that the values for CaO in. analyses 92 and 93 are 
abnormally low. 'These analysed rocks were, however, badly weathered and the 
lime has apparently been removed by leaching. No fresh rocks could be obtained 
at the time #rom the road-cuttings in the Swart River, and the writer was 
compelled to submit these weathered specimens for analysis. On a later visit, 
however, a fairly fresh sample was obtained from a new road-cutting in this 
area, and this rock was partially analysed, the results of which are given in 
Table VIT, No. 27. A microscopic investigation revealed that this specimen was 
highly altered, although no effects of leaching could be seen. It is, however, 
possible that a little lime was added to this rock by solutions infiltered from 
the overlying cover of calcareous sand. 

The results of the partial analysis were nevertheless utilised as basis for 
recalculating analyses 22 and 23, the recalculated analyses being given in 
Table VII, Nos. 28 and 29 respectively. In this recalculation the value of CaO 
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was taken as being constant, ie. 12.90, and all the other constituents were 
reduced propcertionately. A comparison of analysis 27 with the recalculated 
analyses 28 and 29 reveals a fairly close agreement, although it seems duite 
likely that moderate leaching of the alkalis in the case of analysis 14 was 
effected. Partial oxidation of the ferrous iron to ferric iron is also an obvious 
feature. 


GEORGE DOLERITES 


Ee ER EE Es WESTERN PROVINCE DOLERITES 


FIG. 2. kes aa ER Ee ke 


An average analysis of the various analysed dolerites of the area is given 
in Table VII, No. 30, while No. 31 and 32 are averages of dolerites of the 
Western Province and Karroo respectively according to Brink and Nel 
(26, Table IV, Nos. 11, 19). 

Owing to the great variation in chemical composition of the dolerites of the 
Moorreespurg—Wellington area described by Bouman, the writer has utilised 
the more homogeneous dolerites of the Western Province described by Nell 
and Brink for the purpose of comparison. 
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The individual diferentiation curves of the two areas, the George and 
Western Province areas, have been obtained by plotting the various Niggli values 
against si as abscissa. From a comparison of the two curves, Fig. II, the 
following observations can be made: The doleritic intrusions of the George area 
exhibit a much larger variation range, from si— 74, to si— 146, whereas those 
from the Western Province exhibit a variation in si from 97 to 131. 

The dolerites of the George area indicate a slightly lower value for fm, 
while the values for c and al correspond in the more basic varieties, but are 
slightly higher than those of the Western Province in the more acid varieties, 
In the case of alk, there is a correspondence for the greater part of the 
curve, but a sudden enrichment in the more acid region is observed in the 
Western Province dolerites. 

In general, however, there seems to be a close agreement in chemical nature 
between the dolerites of the Western Province and those of the George area. Tt 
may be noted that the average George dolerite tends to be more basic than 
that of the Western Province. 

The close agreement in mineralogical as well as chemical composition 
between the dolerites of the two areas, seems to leave little doubt as to the 
genetic relationships of the dolerites of these two areas. 

The absence of any dolerite intrusion in the rocks of the Cape system of 
the George area, and the difference in chemical composition between the Karroo 
dolerites on the one hand and the George as well as Western Province dolerites 
on the other, strongly suggest a difference in age as well as source for 
these two groups. 

The highly metamorphosed nature of the George dolerites further suggests 
the intrusion of the dolerites prior to the Cape orogenic cycle, while it is known 
today that the intrusion of the Karroo dolerites was effected during the closing 
stages of this orogenic cycle. 


VII. METAMORPHISM IN 'THE GEORGE AREA 


It is apparent from the petrographic descriptions of the different rock 
horizons 'and jintrusive bodies that the rocks of the area have sufered 
metamorphism to varying degrees. lt is known that the rocks of the area must 
have undergone regional dynamic metamorphism brought about by the pre-Cape 
orogenic cycle. 'Thermal metamorphism has been inflicted on the rocks by the 
intrusion of the granite magma, and again at a later stage by the intrusion of 
the doleritic bodies. A later regional dynamic metamorphism was then 
superimposed by the Cape orogenic cycle. It is therefore apparent that any 
attempt to unravel the metamorphic effects of each of these different 
metamorphic cycles will meet with severe difficulties. By a systematic analysis 
of all the different features encountered such an unravelling is, however, not 
impossible, although all the effects of each of these cycles can obviously not 
be traced, as many typical features of earlier metamorphic cycles must have 
been partly or wholly obliterated by subseguent metamorphie cycles. 


(a) Pre-Cape Regional Metamorphism 


Immediately prior to or during the intrusion of the granite, the pre-Cape 
series appears to have been subjected to low grade regional metamorphism 
which probably never advanced beyond the biotite stage. 
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In the arenaceous rocks the duartz grains commonly exhibit features of 
Cataclastic deformation associated with a minor degree of recrystallisation. 
Grains have often been fractured and strained so that undulatory extinction 
of the grains between crossed nicols is a common feature. Fine granular 
mosaics of recrystallised guartz filling the interstitial spaces between remnant 
original grains are often encountered. Sericite seems to be the principal 
foliated secondary mineral, while this mineral may often recrystallise to 
muscovite. Dark brown biotite flakes usually form as laths intergrown with 
the sericite and muscovite. 'Thin sandstone bands are often disrupted, contorted 
and partially recrystallised. 

In the more feldspathic rocks, the alkali feldspars are usually sericitised 
to a large extent, while clinozoisite and epidote form at the expense of grains 
of plagioclase. De-anorthitisation and recrystallisation of the plagioclase 
feldspars are also often characteristic features, the final plagioclase product 
having a composition of approzimately Ab, Ans 

Sericite is the most common metamorphic mineral' in the argillaceous 
horizons. Recrystallisation of sericite to muscovite is often seen while biotite 
is freduently formed. 


(b) Thermal Metamorphism due to the Granite Emplacement 


The effects of thermal metamorphism can be recognised relatively far from 
the contact of the granite mass. 'The basal argillaceous horizon exhibits spotting 
in the Ruiterskraal area, about 4 miles west of the contact with the large 
George pluton. Although this spotting is very poorly developed in this area, it 
becomes well developed and easily recognisable nearer the granite contact. 'These 
spots consist of fine aggregates of sericite and there is no certainty as to 
whether the séricite aggregates replaced cordierite. Sericite is recrystallised 
to muscovite while the formation of well crystallised biotite is an important 
feature of the thermal metamorphism of the area. It is significant that at 
and in the vicinity of the granite contacts biotite is the dominant mica 
in the argillaceous sediments, while it is an important constituent in the 
arenaceous beds. 

@uartz sgrains are totally recrystallised and strain effects are seldom 
encountered in such grains. (Garnet often forms close to the granite contact 
in the arenaceous beds, and although garnet is not always developed 
in these beds at the contact and very seldom at more than 200 yards 
from the contact, this mineral represents the highest metamorphic product 
in the area. 

Epidote and clinozoisite, although also a product of the low-grade regional 
metamorphism of the pre-Cape orogeny, is also formed by the thermal 
metamorphism, and usually forms well developed and large grains in the zone 
of highest thermal metamorphism. 'Tremolite has been formed in the 
Wilderness—Touw River area, probably as metamorphic mineral of the ferro- 
magnesian constituents of the Victoria Bay feldspathic guartaites. 

Chlorite is well formed in the outer zones of the aureole while carbonaceous 
shales are usually characterised by faint spotting as soon as biotite becomes 
an important and well formed constituent. 

The presence of kyanite in the duartz schists of the Molen River area is 
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not well understood, since no intrusive bodies which may account for the 
presence of this high grade thermal metamorphic mineral have been encountered 
in the immediate vicinity of these schists. 

An interesting feature of the thermal metamorphism due to the emplacement 
of the granites, is the selective formation of andalusite and cordierite in the 
basal argillaceous horizon. 'The presence of cordierite in the argillaceous 
horizons of the George area, however, was not known until the present study 
was uidertaken. Scholtz therefore contrasted the andalusite-rich schists of 
the George area with the cordierite-rich schists of the Western Province, and 
since no chemical analyses of the andalusite schists were available at the 
time, he deduced with reason that the argillaceous horizons of the George area 
probably contained a lower percentage of magnesia than those of the Western 
Province (36, p. lij). 

The presence of cordierite in the basal argillaceous horizoa has, however, 
now been proved, and chemical analyses indicate that this horizon contains 
about 3.8 to 4.7 per cent. magnesia, while the shaly rocks of the Western 
Province contain only 0.8 to 3.8 per cent. of this compound, a hornstone from 
Slippers Bay containing only 2.0% (36, Table 1A). It is therefore evident that 
the selective formation of andalusite and cordierite cannot be ascribed to the 
chemical composition of the rocks. 

It will be noticed from 'Table X that no addition or leaching of any 
compounds to or from the argillaceous rocks had taken place during the 
metamorphic process. Although no analyses of the cordierite-bearing schists 
of the George area are available, it may be assumed that the chemical 
composition of these rocks is closely similar to that of the original shale and 
the andalusite schist. 

From the microscopic study it will be noticed that the andalusite schists 
contain large amounts of biotite of a light brown variety, while the cordierite 
schists contain only small amounts of biotite. 'The biotite in the cordierite 
schists is furthermore of a strongly pleochroic brown variety. The colour of 
the biotite immediately suggested a magnesia-rich variety for the andalusite 
schists and a magnesia-poor but iron-rich variety for the cordierite schists. 

To determine whether a shale of this nature could, on chemical grounds, 
form under different conditions selectively an andalusite schist or a cordierite 
schist, kata-variants were calculated from an average analysis of the three 
analysed specimens of the basal argillaceous horizons, by utilising the method 
developed by Niggli (28). 
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It was found that a shale of such chemical composition would, if cordierite 
is formed as metamorphic mineral, give the following theoretical mineralogical 
composition: 


Orthoclase se TM ] 
Albite "N 20.6”) 26 T (40.8 Feldspar 
Anorthite ER SP 
Cordierite 309 
Biotite (iron-rich) $ ie 
Magnetite s 4.1 
Rutile - OUT 
Apatite P 0.3 
@uartz n ES 
Total : 1000 


If andalusite were formed instead with biotite as the only mica, the 
following kata norm is obtained: 


Orthoclase ye ] 
Albite : 20.6.) 26 T 31.4 Feldspar 
Anorthite EE 
Andalusite “N 16:9 
Biotite (magnesia-rich) : 22.1 
Magnetite $ 4.1 
Rutile : OT 
Apatite s 0.3 
@uartz “239 
Total :100.0 


If muscovite is also present, the kata ncrm would be as follows: 


Orthoclase s 0.0 


Albite 20.6 l 26% | 26.7 Feldspar 
Anorthite N Gd N j ) 

Andalusite 141 

Biotite (magnesia-rich) : 22.7 

Muscovite d 6.6 

Magnetite - 41 

Rutile 3 0.7 

Apatite $ 0.3 

@uartz : DA.8 


Total :100.0 
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Although the modal composition of the various schists could not be 
determined, it was clear from the mieroscopic investigation that the values for 
cordierite and andalusite approximate the theoretical values closely. Since 
little feldspar was found in thin section, and the theoretical percentage of 
muscovite is apparently too small, the writer is of opinion that the feldspar 
material is wholly or partly taken up as muscovite, 


From the above calculations it is therefore clear that, theoretically, shales of 
identical composition could produce, under different conditions of metamorphism, 
metamorphic rocks of distinctly different mineralogical composition. 


It is a known fact that andalusite crystals with minute inclusions are able 
to rearrange these inclusions to the chiastolite form, or still further to remove 
all inclusions from the crystals so as to form crystals free from them. 
Cordierite, on the other hand, is not able to rid itself of or rearrange its 
inclusions. These characteristics may point to a difference in crystallisation 
force exerted by andalusite and cordierite, andalusite probably having a higher 
crystallisation force than cordierite. Should this be true, conditions of stress 
may obtain in special cases where the erystallisation force of cordierite will 
not be large enough to overcome the disturbing stress conditions, but where the 
higher crystallisation force of andalusite may still be able to promote the 
formation of the latter mineral. 


` 


Tf a magnesia-rich shale is therefore subjected to stress conditions while 
being heated, cordierite will be the most likely to form providing that the 
applied stress is small enough to be overcome by the crystallisation force of 
the cordierite. Should, however, the applied stress be too large to be overcome 
the formation of andalusite, with biotite as magnesia-bearing mineral, will be 
favoured. Severe stress would probably not permit the formation of either 
cordierite or andalusite. 


It will be noticed from the geological map and petrographic deseriptions 
that cordierite is present in the basal argillaceous horizon in the upper Malgas 
River area and immediately north of the confiuence of the Great Brak and 
Faro's Rivers. Andalusite, on the other hand, occurs in the Swart River—Touw 
River area, at Great Brak River village and in the Great Brak River opposite 
Groot Zorgfontein. 

If the rocks of the area had been subjected to pressure directed 
from the south-west to north-east, the upper Malgas area would be protected 
by the large and rigid granite mass of the George pluton. Although 
. the area at the confiuence of the Great Brak and Faro's Rivers is not so well 
protected as the Malgas area, it is nevertheless not so much exposed to such a 
pressure as the areas in which andalusite is a prominent metamorphic mineral. 


It therefore seems that, while the rocks of the area were intruded and 
heated by the granite, conditions of directed pressure from the south-west 
prevailed. In the areas protected from this pressure by the intruding or partly 
consolidated granite mass, cordierite was the obvious mineral to form in the 
basal argillaceous horizon within the zone of thermal metamorphism. In 
unprotected areas within this zone the crystallisatiox force of cordierite could 
not overcome the prevailing conditions of stress, so that the formation of 
andalusite together with magnesia-rich biotite was favoured, the crystallisation 
force of andalusite still being able to overcome the effect of directed pressure. 
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From the field ad chemical observations, therefore, the writer is of opinion 
that the alternative formation of cordierite and andalusite in the basal 
argillaceous horizon of the George area, should be ascribed to physical 
conditions rather than chemical composition. 

The formation of various lime-silicate metamorphic minerals at Victoria 
Bay provides an interesting example of the thermal metamorphism of lime-rich 
duartzites. Numerous thin limestone lenses are intercalated with the Victoria 
Bay feldspathic duartzite horizon. 'The horizon was heated by the intrusion 
of the coastal granite sill apophysis, and the rocks were subjected to thermal 
metamorphism which advanced from near the contact to well within the 
garnet zone. 

Apart from the complete recrystallisation of the duartz and limestone, 
mixing of calcareous and siliceous material was brought about at the contacts 
pf the limestone lenses and encompassing duartzites promoting the formation 
of the following metamorphic minerals: 


Vesuvianite : H,Ca,(ME&,Fe)LAlSi,O,s 
Epidote :  HCa,(Al,Fe),SiO,; 
Clinozoisite : HOa,ALSi,O, 
Grossularite : Ca,Al,SiO,, 
Wollastonite : CaSiO;, 

Diopside :  CaMgSi,O, 


In the petrographic descriptions it was mentioned that although these 
metamorphic minerals did form to some extent on the side of the limestone 
bands near to the intrusive granite sill, the band of metamorphic minerals was 
usually much better developed on the far side. 

It would appear as if the lime in the sediments, probably aided by escaping 
volatiles from the magma, migrated for a short distance away from the granite 
contact, but there is no positive indication of the addition of magmatic 
substance. Reaction of the calcium carbonate with the duartz and feldspar 
of the surrounding duartzite may well have produced the various lime-bearing 
metamorphic minerals. Difusion of the carbonate away from the granite sill 
and conseduent reaction with the silica and feldspars would obviously produce 
a broader zone of metamorphic minerals on the side of the original limestone 
band away from the sill. 'The presence of ferro-magnesian material such as 
biotite would promote the formation of iron- and magnesia-bearing lime silicates 
such as diopside, while reaction with the feldspars would obviously facilitate the 
growth of alumina-bearing minerals, such as grossularite, epidote, clinozoisite 
and vesuvianite. BEpidote and vesuvianite would also involve reaction with 
iron- and magnesia-bearing compounds. Insufficient amounts of alumina and 
ferro-magnesians would facilitate the growth of the calcium silicate wollastonite. 

From the association of wollastonite, duartz and calcite the pressure- 
temperature relation at which the wollastonite must have formed may be 
approximately deduced. 'The thickness of the Homtini phyllites was estimated 
at at least 3,700 feet, though the actual top of the pre-Cape series was never 
seen. 'The granite apophysal sill is intrmded in the Victoria Bay area in the 
upper part of the Victoria Bay dguartzites. The thickness of the sill in this area 
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is estimated at at least 1,000 to 1,300 feet. 'The total statie load on the 
lime-silicate rocks of Victoria Bay may therefore be estimated at at least 
5,000 feet, being the edguivalent of at least 350 atmospheres. From 
V. M. Goldschmidt's pressure-temperature stability curve for Ca CO, — SiO, 
we may conclude that the temperature of the sediments of the Victoria Bay 
feldspathic aguartzites during the formation of the lime-silicate metamorphic 
minerals must have been at a minimum of 650*C to 700G, a figure which does 
not seem unreasonably high if it is considered that the granite magma probably 
intruded at a temperature of 8O00*C, as was previously deduced from the nature 
and distribution of the perthitic intergrowths in the microcline-perthites. 


(e) Thermal Metamorphism due to the Intrusion of the Dolerites 


The metamorphic effects brought about by the intrusion of the dolerites 
can best be examined in areas least affected by previous metamorphic eycles. 
The dolerites of the Swart or lower Hoogekraal and Homtini Rivers therefore 
provide the best examples for examination. 

It is evident that the dolerites had but little effect on the surrounding 
shales and duartzites. (@uartzites in the Swart River in direct contact with the 
doleritic intrusions are occasionally locally impregnated by fine ore material, 
interstitial between the duartz grains. Recrystallisation of duartz grains seems 
to have been occasionally promoted while biotite is often formed. Argillaceous 
material exhibits no thermal metamorphic effects other than the formation of 
biotite in the immediate vicinity of the dolerites. 

In the areas affected by metamorphism due to the emplacement of the 
granites, the dolerites had little or no effect on the sedimentary rocks, whereas 
the granite itself also seems to be unaffected by intruding doleritic bodies. 


(d) Meétamorphism due to the post-Cape Deformation 


Superimposed on the early regional metamorphism of the pre-Cape 
sediments, and the subseguent far more local contact metamorphic phenomena 
which may be directly attributed to the intrusion of the granite plutons, are 
the 1low-grade regional metamorphic effects associated with the Cape orogeny. 

Due to the overfolding of the T.M.S. in the Outenigua and Attadguas 
Mountains, the pre-Cape sediments have come to overlie the younger Cape 
system along the northern contact of these rocks. This contact has been 
extensively sheared and brecciated, so #hat the recognition of the junction is 
often difficult when arenaceous rocks of the pre-Cape series lie in direct contact 
with the T.M.S. 

If any shearing of the granite was brought about in the roof zone of the 
plutons, all traces have been removed by denudation. 

The post-Cape deformation was of a low-grade regional nature which was 
never so severe as to produce biotite. 

The guartzites of the Table Mountain Series exhibit advanced crushing of 
duartz grains which now generally exhibit undvlatory extinction between crossed 
nicols. Recrystallisation of duartz to interstitial granular mosaics of this 
mineral is freguently encountered. 'The crushing and recrystallisation of duartz 
in the pre-Cape granites may perhaps be attributed to the dynamic deformation 
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of the post-Cape orogeny, while the duartz in the already metamorphosed 
pre-Cape sedimentaries was probably also largely infiuenced by these later 
orogenic forces. 

Sericite is a typical metamorphic product of this later low-grade 
metamorphism, and the reduction of large muscovite flakes in the pre-Cape 
rocks to sericite should perhaps be attributed to the same deformation. 'The 
large andalusite crystals formed during the injection of the granite were 
probably also partially or often wholly replaced by sericite as a result of the 
post-Cape metamorphism. 

Chiorite is well developed in the argillaceous bands and lenses in the 
TM.S. The same orogenic forces that produced the chlorite in the shaly rocks 
of the T.M.S. were no doubt also responsible for the #fracturing of the biotite 
fiakes in the pre-Cape rocks, especially the granites, and the alteration of this 
mineral to chlorite, a feature often encountered in the older rocks. 

It has been estaplished beyond doubt that in the 'Tulbagh—Swellendam 
area, ottrelitisation of the rocks at and near the contact between the T.M.S. 
and pre-Cape rocks took place during the deformation of the Cape system. 
Features indicating the formation of ottrelite by any of the previous 
metamorphic cycles were never encountered. 

The presence of ottrelite in the T.M.S. immediately north of George at the 
contact with the pre-Cape rocks, and in the T.M.S. and pre-Cape sediments 
in the Homtini River, further substantiates this view. 'The formation of 
ottrelite in the Kaaimansgat duartzites in the type area seems therefore to 
be a product of the same metamorphic cycle. 'This would therefore imply that 
the post-Cape orogeny must have been active or infiuenced the pre-Cape rocks 
to a depth of from '7,000 to 7,500 feet below the contact of these rocks with 
the T.M.S. 

@uantitative determinations of the manganese in the ottrelite were made from 
concentrates of ottrelite from George and Swellendam respectively. 'The ottrelite 
from the Outenidgua railway pass was found to contain 0.16% of MnO while 
that from Swellendam contained 0.19%. The chlorite from the ottrelite-bearing 
chlorite schists in the George area was found to contain about 0.02%, while 
chlorite from an ottrelite-free chlorite schist from the same area contained 
about 0.01% of MnO. 'These figures may indicate that chlorite is the common 
mineral to form as metamorphic product if the metamorphosed rocks are free 
of manganese, while ottrelite forms in rocks containing this element. 'The 
writer is therefore of opinion that the presence or absence of manganese in 
the metamorphosed rocks may perhaps explain the sporadic occurrence of 
ottrelite along the T.M.S. contact. 

It has been pointed out previously that the doleritic intrusions in the 
George area were greatly saussuritised, chloritised and uralitised by low-grade 
regional metamorphism after their emplacement. Since the post-Cape orogeny 
is the only post-dolerite metamorphic cycle known, the writer is of opinion 
that these alterations were brought about by the post-Cape deformation. 


VaI. STRUCTURAL FEATURES 


The rocks of the George area have been subjected to two major orogenic 
disturbances, during which they have been folded to a considerable extent. 
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Folding is therefore the most important of the major structural elements, while 
faulting is rare and comparatively unimportant. 


GENERAL FORM OF 'THE PRE-CAPE FOLD 


The pre-Cape rocks of the area have been folded in an asymmetrical 
anticline, with the axial plane dipping southwards at about 50 to 60 degrees. 
The southern limb of the anticline dips southwards at angles varying from 
about 25” to 45”, while the northern limb is overturned to dip southwards at 
angles of 50” to 80”. In the eastern part of the area, however, the folding 
of the pre-Cape rocks was less severe and the anticline was not overfolded. 

The crestline of the anticlinal fold is highly undulatory with three maxima; 
in the Diep River area, in the Malgas—Maalgaten Rivers area and in the 
Schuinspad area along the main road between Mossel Bay and Oudtshoorn 
(see section G.H.I.K.L.M.). 'The lowest of the two minima is in the Touw River 
area where the Groot Hoek aguartz schists just cap the basal argillaceous 
horizon on the erest of the anticline. At the eastern and western extremities, the 
fold axis pitches eastwards and westwards respectively, at angles of about 
20 to 30 degrees. 'The three masima are caused by inclined domes or bulges 
along the axis of the fold. 'The bulges in turn were formed by the main 
masses of intrusive granite, which were probably sdueezed to their present form 
and position during the pre-Cape orogenic cycle. A longitudinal section through 
the granite which seems to form the core of the fold, reveals a fairly close 
Correspondence between the crestline of the fold and the upper margin of 
the granite. 

Owing to the fairly 'steep eastward pitch of the fold axes in the eastern 
part of the area and the fact that the anticline was not overfolded in this 
area, the outcrop lines of the various horizons of the pre-Cape series swing 
round: the Woodville pluton on the eastern side to have a strike at right angles 
to that of the T.M.S. along the northern crushed contact with that series. 


STRUCTURAL FEATURES OF THE GRANITES 


After careful consideration of various factors D. L. Scholtz came to the 
conclusion that the granites of the south-western and eastern plutons are of 
definite pre-Cape age, and expressed the opinion that these granites are 
probably of pre-Cambrian age (36, vp. 1). During the present study no 
contradictory evidence was found. 

It has been pointed out in a previous En EEter that the granites of the 
George area display, for the greater part of the masses, a well developed foliation 
and lineation. It has also been noted that biotite flakes are usually orientated 
parallel to the foliation planes and show definite elongation in the direction 
of the lineation. From observations made in various parts of the post-Cape 
orogenic belt, it is clear that the metamorphism brought about by this orogenic 
activity was of a low-grade regional type which never advanced as far as the 
biotite stage. Conclusive evidence was found. on the other hand, that existing 
biotite had often been fractured and altered to chlorite during this period. We 
may therefore conclude that the biotite of the George granite was not 
re-orientated or recrystallised parallel to the foliation planes during the Cape 
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deformation, and the only conclusion which can be arrived at is that the 
Orientation of the biotite, and therefore also the development of the foliation 
and lineation, must be mainly primary, although it may have been slightly 
modified during the Cape deformation. 

To produce a primary foliation and lineation in the large granite masses, 
the granite magma must have crystallised while being subjected to directed 
pressure. External evidence further substantiates the deduction that the 
intrusion of the granite took place under conditions of stress. It has been 
pointed out in a previous chapter that the basal argillaceous horizon was heated 
by the granite while subjected to stress conditions so as to produce the already 
discussed selective formation of andalusite and cordierite. 

A11 these features leave little doubt as to the primary Origin of the 
gneissic texture and well developed lineation of the granite. 


DIRECTION OF APPLIED PRESSURE 


The trend of the lineation of the (George area varies from about 
18 to 45 degrees east of true north, while the plunge is invariably southerly 
except for the northern Geelhoutboom River area. It will be noticed from the 
geological map that, where the strike of the sedimentary horizons varies from 
N.W.-S.E. to east-west, the trend of the lineation is generally about 35” to 42” 
east of north. At the eastern extremities of the plutons, however, where the 
strike of the horizons swerves to N.E.-S.W., the trend of the lineation generally 
swerves northwards up to 18” east of north. 

The lineation of the George area is of the streaked type. It is furthermore 
often associated, especially in the granites, with slickensides which indicate 
differential movement, parallel to the trend of the lineation. 'The lineation 
may therefore be described as being of the “slickensiding” type to which the 
differential movement is parallel (5, p. 238). 

If pressure should be applied from the south, that is perpendicular to the 
axis of the overfolded anticline, it is expected that lineation should develop 
either parallel to the axis of the fold, ie. in an east-west direction, or at right 
angles to the axis of the fold, parallel to the direction at which the pressure 
is applied and the expected differential movement, but not obligue to both of 
these directions as is the case in the George area. 

Seeing that the slickensiding associated with the linear elements indicates 
a differential movement parallel to the lineation, it seems reasonable to assume 
that the pressure of the pre-Cape orogeny was applied in a direction parallel 
to the lineation. 'The direction at which the pressure was applied is therefore 
more or less from 40” west of south to 40* east of north. 'The divergence of the 
trend of the lineation at the eastern extremities of the granite masses may 
have been caused by local sliding of rock past the $.W.-N.E. striking eastern 
edges of the resistant granite masses. Parallelism between these boundaries and 
the direction at which the pressure was probably applied may easily have caused 
such local sliding. In areas where the boundary of the granite mass strikes at 
right aagles or nearly at right angles to the direction of application of the 
pressure, the trend of the lineation will not be materially affected. 

It has been pointed out previously that the xenoliths of the COressy Farm— 
Buffelsdrift—Mount Pleasant area are orientated with their strike and long axes 
in a N.W.-S.E. direction. It seems reasonable to assume that xenolithic bodies 
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would tend to orientate their long axes perpendicular to the direction of 
pressure. From the orientation of the xenoliths in this area further evidence 
is therefore obtained to indicate that the pre-Cape rocks of the area were 
subjected in pre-Cape times to orogenic forces acting from a south-westerly 
direction. 

From the above observations it is clear that the axis of the anticlinal fold 
of the George area is not perpendicular to the direction at which the pressure 
which caused the folding was applied, but makes an angle of about 50” with 
this direction. 


SUMMARY OF THE PRE-CAPE DEFORMATION IN 
THE GEORGE AREA 


After the deposition of the pre-Cape sediments, they were subjected to 
orogenic forces acting from approximately south-west. 'The rocks were folded 
in an anticline which was ultimately overfolded in the larger part of the 
area. Simultaneously with the folding of these rocks, the granite magma 
intruded the sedimentaries of the pre-Cape series and crystallised under 
conditions of directed pressure. Owing to the continual operation of the orogenie 
forces throughout the crystallisation of the granite, a well developed foliation 
and lineation was developed in the intrusive, and it is probable that any 
protoclastic structures which may have formed during the early stages of 
crystallisation were largely obliterated. 'This pressure prevailed till after the 
intrusion of the early microcline-bearing pegmatites which, as has been pointed 
out, have suffered cataclastic deformation to some extent. The later 
soda-pegmatites, however, show only slight effects of cataclastiec deformation 
which should perhaps be ascribed to the later post-Cape orogeny. 


THE POST-CAPE DEFORMATION 


Generally the post-Cape anticlinal fold in the George area closely conforms 
to the pre-Cape fold, except that this anticline is apparently overfolded. 
throughout the entire area covered by the map. 

Excluding the area east of the Woodville pluton, the strike and dip of the 
T.M.S. are largely parallel to those of the pre-Cape rocks, so that the TM.S. 
dips beneath the pre-Cape rocks along the northern contact. 'The various 
contacts between the pre-Cape and Table Mountain Series have been described 
in a previous section. 

Although the fold axis of the post-Cape anticline pitches, like the pre-Cape 
fold, eastwards and westwards in the eastern and western extremities of the 
map, the angle of pitch of the post-Cape feld seems to be slightly smaller than 
that of the older anticline. 

A well developed slickensiding lineation is present in the lower parts of the 
TM.S. 'This lineation has a general trend of approximately 40” east of south 
to 40” west of north. For reasons set out in a previous section, it must be 
concluded that this slickensiding lineation could only have been developed by 
shearing stresses acting in a direction parallel to that of the lineation. It 
would therefore seem as if the anticlinal fold in the T.M.S. of the George area 
was formed by a pressure acting from a south-westerly direction. No evidence 
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was locally found to uphold the theory that the folds of the southern Cape 
ranges were formed by a pressure operating from due south (12); in fact the 
accurate trend of these folds with pronounced progressive southerly strike swing 
in the east appears to owe its origin to a pressure operating from a 
SOouth-westerly direction. 

The metamorphic effects of the post-Cape orogeny on the pre-Cape rocks 
have already been described. It is clear that the individual mineral grains of 
the pre-Cape rocks have suffered some crushing and shearing during the 
post-Cape orogeny, but it is difficult to ascertain to what extent crushing of 
particularly the minerals of the pre-Cape granites was brought about by the 
late pre-Cape and post-Cape orogenic activities respectively. 'The moderate 
amount of cerushing undergone by the late soda-pegmatites as well as the 
metamorphism of the dolerites, however, seems to be largely due to the 
DOost-Cape orogeny. 

The major structures of the pre-Cape rocks seem to have suifered only 
slight if any modification by the later orogeny. It would seem as if the folding 
of the cover of TM.S. was brought about by incompetent gliding on the foliation 
and shear cleavage planes of the pre-Cape rocks. 


FAULTING 


Regionally faulting is a less obvious feature in the George area. Apart 
from the crushed contact between the pre-Cape rocks and the T.M.S. along 
the northern edge of the map which has already been described, the only large 
fault in the area is seen between Poespas Valley and Glentana. Smaller faults 
are present in the Karatara River at Barrington, immediately east of Barrington, 
and at Goukamma, siding. 

The two small faults in the Barrington area display a downthrow of the 
western side. 'The fault in the Karatara River is well exposed, while the 
easternmost fault is largely covered by soil and overburden. 

From Glentana westwards a large fault occurs which has brought the Enon 
sediments to lie directly opposite the pre-Cape rocks, and in the Bottelierskop 
area in direct contact with the TMS. 'The fault proceeds westwards from 
Glentana along a slowly winding line, turning to a north-westerly direction at 
Poespas Valley. At Roode Krantz, however, the fault abruptly turmns to a 
south-westerly direction and proceeds to beyond the boundaries of the map. The 
fault is often covered in the western section by 'Tertiary deposits which are 
of definitely younger age than the fault. 

The Enon sediments on the immediate southern side dip northwards towards 
the fault at low angles. 'This northward dip of the Enon beds, the irregularity 
of the strike of the fault-plane and the shearing evidenced by the Cape rocks 
at the western end beyond the boundaries of the map, led Haughton “to assume 
that this fault is a pressure-fault and that the basin of the Enon beds was, 
after their deposition, thrust northwards with the result that the Enon rocks 
along part of their northern boundary are actually in contact with the 
fault-plane. 'The forces which gave rise to the thrust acted in the same direction 
as those which, in pre-Enon times, affected the Cape and older rocks and 
caused them to be locally overturned to the north” (19, p. 98). 
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De Villiers notes that in various other areas fairly steep dips towards 
similar fault-planes were recorded in #he Enon beds. He states that “such 
dips are, however, invariably directed towards the north, ie. towards the 
fault, and otherwise no plications attributable to folding were noticed. Al 
departures from the horizontal in the Enon beds may, therefore, be explained 
by the faulting with its resulting northward tilting of the downthrow 


strata .. . . These high dips in the Enon beds could have been produced by 
the faulting alone, and no post-Enon period of folding need be supposed, the 
more so since no true folds were encountered in the Cretaceous beds .... It 


is, therefore, considered as unproved that there was any important compressive 
phase in the southern Cape during the Cretaceous” (12, p. 201). De Villiers has 
described in detail the possible method of faulting, and this aspect will not 
be discussed at present. 

It may be concluded that there is no reason to believe that the fault of the 
Glentana—Poespas Valley area could have been formed by thrusting. This fault 
represents in all probability a normal fault of the same type as the Worcester, 
Zuurberg and Oudtshoorn faults. 

Although the crush zone in the Goukamnma area could not be traced beyond 
the banks of the Goukamma River, the writer is of opinion that this crush 
Zone may probably represent the eastern extremity of the Poespas Vallegy— 
Glentana fault, and it has been shown as such in the different sections drawn 
across the pre-Cape fold. 
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BOKKEVELD SERIES AT WUPPERTAL, 
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ABSTRACT 


There developed in Pre-Cape time a remarkably even peneplain 
over a large part of the present Cape Province and Natal, Which on 
subsidence was invaded by the sea from the south, and further degraded 
by marine erosion. On the wide and even continental shelf formed 
there was laid down in shallow water first fine, and then coarser 
sediment produced by marine erosion of the peneplain. 

In the west the configuration of the shelf was that of a large bay 
with the bay-head pointing in a north or north-north-westerly direction, 
and the deepest part of the bay approximately over the site of the 
present Cedarbergen. Bordering this bay was an old land surface, which 
probably rose to high ground in the west. 'The climate was cold and 
the competencies of the currents and waves indicate stormy weather. 

At one time the land to the west stood high enough and 
temperatures were low enough to favour the existence of glaciers which 
spread over the land and even entered the sea, giving rise to a deposit 
of glacial mud, sand and boulders. 'The water was so shallow that the 
ice folded its own debris together with the deposits on the shelf. The 
folds and grooves made in this way indicate that the ice moved from 
west to east. 

An amelioration of the climate followed, and coarse sand and grit 
was again deposited. After the final dispersal of the ice life began to 
teem on the ocean bottom, marine erosion ceased, the water became 
very shallow, and only mud and fine sand derived from the adjacent 
land was laid down. Marine organisms attained exceptional sizes in 
Ccolonies, and plant stems and leaves were continuously transported out 
to sea to become buried with the sediments. 

At this time the continental shelf sloped seawards at such a low 
angle that the tidal range amounted to tens of miles horizontally. 
Probably the vertical tidal range was also relatively large. 

Thick deposits of mud and fine sand were laid down in alternating 
fashion, and every change in the nature of the bottom surface was 
followed by a noticeable change of the fauna dwelling upon it. 'There 
is no certainty about the exact cause or causes jor alternating 
deposition of sandstones and mudstones, but it was probably due to 
the nature of epeirogenic or orogenic movements, or to changes in the 
continental climate. 

The deposits grow coarser towards the top of the System, and are 
followed by the Dwyka tillite. Tt is thought that the T.M.S. and 
Dwyka tillites register two periods cf maximum diastrophism, and on 
this basis only two series were recognised within the Cape System. 
Subseguent work will perhaps throw more light upon the recognition 
of the Witteberg sandstone as a separate series. 
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I. THE GENERAL GEOLOGY OF THE AREA AROUND 
WUPPERTAL 


(a) INTRODUCTION 


“The striking development of the Bokkeveld Series in the Wuppertal area 
attracts the attention of even the wayfarer, and he wonders what may be the 
cause of the peculiar topography of the landscape with its endless lines of 
ridges and freduent table-topped hills. Many an observant farmer has rTOwS 
of “gesiggies” on his mantlepiece— the remains of early life beautifully 
preserved in the rocks at the surface, originally muds laid down in an 
ancient sea. 

To the geologist the mountains about Wuppertal have manifold attractions: 
they display the typical and most complete development of the Bokkeveld 
Series hitherto known, and of more than casual interest to him is the wealth 
of inorganic and organic fossil marks, of which those from the top of the 
Table Mountain Sandstone are perhaps the most noteworthy. 

The area surveyed is in the form of a rectangle with sides 6 miles and 
4 miles long, lying in N.-$. and E.-W. directions respectively. It comprises the 
area immediately around Wuppertal and the position of the trig. beacon 114 
on the western part of the map is approximately: longitude E. 19” 9 1” and 
latitude S. 32 14 11%. 

A base map was drawn up on the scale 1: 10,500, using co-ordinates of 
beacons kindly supplied by the 'Trigonometrical Survey Office, Mowbray, 
Cape Town, and the area surveyed by means of a plane-table and telescopic 
alidade. 

Owing to the fact that the entire succession consists of sandstones and 
shales in alternating fashion, an attempt was made to separate the sandstone 
and shale horizons as far as possible. Most of the contacts are arbitrary, but 
so easily recognisable that they could be followed throughout the mapping 
of the area. 

Wuppertal lies in an E.S.E. direction from Clanwilliam at the base of the 
eastern fiank of the Cedarberg Range, and is situated exactly on the contact 
between the 'Table Mountain Sandstone and Bokkeveld Series. SE. of 
Wuppertal the strike of these rocks changes from N.N.W.-S.S.E. to N.W.-S.E, 
only to swing back again to the former trend at Kouberg, two miles to the 
north-west of the village. 'This leads to a widening of the outcrop of the 
Bokkeveld Series, which is here thrown into low, open folds, contrasting sharply 
with the large and steep flank of the Cedarberg anticline which dips under 
the Bokkeveld beds at an angle of 27”. 

The structure of the area mapped is that of an open syncline with one 
flank rising up into the Cedarberg Range and the other being part of such a 
1ow anticline that no T.M.S. crops out where the 'Tra-Tra River cuts across 
it. Minor fiexures trending N.N.W.-S.S.E. are present within the larger folds, but 
are of such magnitude that they show scarcely any displacing of the contacts 
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on a @-inch scale. 'They may be small symmetrical or asymmetrical folds, 
homoclines, normal or thrust faults, the same flexure changing from one form 
to another within short horizontal distances. A fairly large hinge fault is 
shown on the northern part of the map, having approximately the same trend 
and direction of throw as the large fault across the Bidouw River (Sheet 11, 
Clanwilliam). 

It may also be briefly noted that the T.M.S., having once passed below the 
Bokkeveld beds, does not crop out again to the east, and that the Witteberg 
Series thins out rapidly toward the north, its place being taken by the 
Bokkeveld beds, the outcrop of which widens considerably (27, D. 40). 


(b) THE SEDIMENTARY SUCCESSION 


The entire succession from the T.M.S. below to the Witteberg Series above 
consists of alternating sandstones and shales of varying thicknesses and 
grain sizes. 'The TM.S. is characteristically coarse-grained and gritty, and is 
succeeded by the finest of the Bokkeveld beds. A steady coarsening again sets 
in to culminate in the Witteberg Series. 


(i) The T.M.S. 


That part of the T.M.S. immediately above the .Glacial Band resembles in 
every respect the part below it. It is coarse and pebbly, with thick cross-bedded 
units. 'The pebbles are subangular to rounded. 

The upper 200-300 feet of the series, however, difers markedly from the 
rest of the T.M.S. in this area. 'The rock is feldspathic and thin-bedded, with 
freguent intercalations of shale. Pebble shapes range from extremely angular 
to well rounded, and the most common types are: clear vein- or igneous 
duartz;, milky duartz; jasper; banded chert; granite and gneiss. From a 
distance this upper phase is duite conspicuous, and it vields more easily to 
weathering than the rest. lImprints, which are believed to be fossils, are 
common. In spite of these conspicuous features this upper division of the 
T.M.S. seems, so far, to have escaped notice, 


(ii) The Bokkeveld Series 


Directly, and without any transitional beds, the blue mudstones of the 
Bokkeveld Series jie upon the gritty T.M.S. The relation is, so far as could be 
made out, concordant, and no pebbly band marks the contact. 

Sandstones and shales succeed one another fairly regularly to build up a 
thickness of sediments of approximately 2,500 feet. Eleven major horizons 
could be recognised — five sandstones and six shales — while only nine have so 
far been mentioned in the Annual Reports of the Cape Geological Commission 
(26, D. 64). 'The horizons were numbered from the base of the series 
upwards, and their thicknesses, measured with an altimeter and corrected for 
dip, are as follows: 
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St Sbaie EA EE SD - 90 feet 
Rif Sandstione! Es — BR 
Kifihehalel os EA OE SA N GOS 
Fourth Sandstone ME DEE ien — RKE E 
Fourth Shale Ee ele, EE GEM 
Third Sandstone ET. ES; ss 1SO 
FRirdishale EE EE ss ER ON 
Second Sandstone ER EE 3 io 
Second Shale ha od ee ES — RE ONE 
Eirst Sandsione EE s add 
First Shale N OE SKOON, 
Total Thickness .. Es PRIK is 


The Sixth Shale disappears toward the south, the Fifth Sandstone probably 
merging with the Witteberg Sandstone, for at Ceres there are only five shale 
bands. On the latest map of the Wuppertal area (Sheet 11, Clanwilliam) these 
two upper horizons were mapped as belonging to the Witteberg Series. 

Minor sandstone beds occur intercalated with the shales, and may be up 
to 10 feet thick. 'Two of the most prominent ones occur halfway up in 
the Second and Third Shales respectively (Plate D, and thin lenses of 
sandstone become numerous in the latter horizon, to continue throughout the 
Succeeding shales. 

Sh, and Sh, are for the greatest part true mudstones with a bluish-green 
colour when fresh, showing no lamination for considerable thicknesses. 'The 
succeeding shales, being more sandy, are commonly of a lighter colour, well 
laminated and micaceous. 

Because of the semi-arid climate the mudstones, on weathering, crumble 
to sharp, angular fragments which litter the northward-facing hillsides. Slopes 
facing south as a rule have effective plant mantles and red to brown soils. 
Characteristic plants are the Rhenoster Bush and Botterboom. 

The sandstones are much finer in grain than those of the TMS., but 
grow steadily coarser towards the top of the series. According to the Wentworth 
scale (36, p. 185) the sandstones range from very fine to medium-grained from 
below upwards. $S, and $, are of a bluish-green colour when fresh, but from S;, 
upwards the colour grows lighter, so that S;, is as white as the Witteberg 
sandstone. 

Jointing is well developed in the sandstones and has a major infiuence on 
their weathering and the landforms they produce. In $,, which. seems to be 
much more ferruginous than the rest weathering of joint blocks from the 
outside inwards produces a concentric banding. 'These bands differ in their 
reaction towards weathering. Concentration of iron oxides along joint planes 
is a common feature of all the sandstones and gives rise to a rectangular 
pattern of ridges on dip slopes. 

A thin bed of blue limestone is probably present somewhere below $,, but 
could not be found. A loose-lying piece of compact shell-limestone was found 
on the slopes of S, and was somewhat rounded. Similar material has been 
described from Sh, (2%, p. 38) at Frederick's Dal, and dark blue argillaceous 
limestone from Long Kloof (30, p. 55). Some thin beds within $, would have 
been arenaceous limestones, had not the shell-material of fossils been leached. 
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PLATE IT 


Wuppertal. TM.S. strata build the immediate foreground, with the complete seguence 
of Bokkeveld shales and sandstone following. 'The central peak is capoed by Witteberg 
sandstone, which also builds the high clif on the left. 


The plant mantle carried by the sandstones is scant and the same as that 
of the T.M.S. and Witteberg Series, being mainly sour grasses and proteaceae. 


(iii) The Witteberg Series 


The lower Witteberg beds are white, massive and well jointed, giving rise 
to vertical walls along the Witteberg—Bokkeveld Contact (Plate I, top left) and 
stretches of very rugged country. (Its mode of weathering also resembles 


that of the T.M.S., but it is here much poorer in cementing material and 
forms large caves. 


(c) GEOMORPHOLOGY 


The relation between rock structure, lithology, climate and topography is 
very well displayed in this area, and the form of the landscape is due almost 
entirely to the total effect of the interaction of these factors. 


419 


The Bokkeveld beds have been stripped from the Cedarberg antclne, 
leaving it an extremely rugged tract of country with peaks rising to over 
6,000 feet above sea level. 'The north-eastern flank of the anticline descends 
steeply to the valley of the Tra-Tra River, on the other side of which the 
mountainous landscape is continued by the Bokkeveld and Witteberg beds. 'This 
is made possible by the low dip of the strata giving soft shale bands the full 
protection of intercalated sandstones, and producing a landscape of undulating 
ledges transected by deep river valleys. 'The kind of topography is well 
illustrated on Plate I, which shows the entire outerop of the Bokkeveld Series 
within one mile, with the Witteberg Series on top and the TMS. in the 
immediate foreground. 

The landscape is in the early stage of physiographic maturity under a 
semi-arid climate. 'The ineffective plant mantle in the dry season enables the 
streams, during thunderstorms, to provide themselves with loads above their 
capacities, so that the valley bottoms of the larger streams are aggraded. Small 
fans are built out into these valleys by obseduent (Plate D, subseguent and 
resedguent streams descending the steep hill-slopes. A large portion of the 
material consists of gravel and boulders, for the finer grades are taken away 
during winter when these streams carry small loads. 

The streams show a marked degree of subseguence to regional structure, 
jointing of the sandstones and differences in lithology. 'The deep valley shown 
on the right-hand side of Plate I has been excavated along the TMS— 
Bokkeveld contact. Below Wuppertal, however, the Tra-Tra River cuts across 
the trend of the folded rocks, and this part of it is probably a superimposed 
reseguent from an earlier dip slope of Witteberg beds. 

The mean annual rainfall of Wuppertal is 8 inches, but on the surrounding 
mountains this figure is probably higher. Wind erosion, though, becomes 
noticeable during the dry season. 


H. PRIMARY SEDIMENTARY AND ORGANIC STRUCTURES 
FROM THE ROCKS OF THE CAPE SYSTEM 


Primary structures in sedimentary rocks are of the greatest importance, for 
they provide, in every instance, evidence regarding the environmental processes 
at the time of deposition of the rocks. 'Those from the sediments of the 
Cape System are excellent indicators of the depth of, and the physical processes 
active in, the water body in which these rocks were laid down. 


STRUCTURES FROM THE T.M.S. 


A few interesting structures were found in the basal beds of the T.M.S. in 
the Stellenbosch area. Primary structures from this horizon have also been 
mentioned by du Toit (8). 


(i) Ripple-marks 


Both the symmetrical and asymmetrical types were found: 


1. The symmetrical or oscillation ripple-marks as a rule have very short 
wavelengths. 'The slabs bearing them were always loose, so that no directions 
could be taken. A few measureme2ts gave the following results: 
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Wavelenstip . oe ee ia 2 Mis ed 12. 1252 TE 
Height from trough to crest .. .. 0.257 
Ripple index EE SO ER 


These ripples difer from those present in the Bokkeveld Series in that 
they are sharp-crested. Directions of trend of the ripple-crests often differ 
widely from one set to another on the same slab of rock. 'They were found 
on Stellenbosch Mountain. 


9. Ordinary asymmetrical current ripple-marks were also found in the 
basal beds of the TM.S. 'The following is a typical measurement: j 


Wavelength RE AE on, EED ODE 
Height from trough to crest EE NG 
Rippie index ae EE EE REK 9.4 sê 


(ii) Muderacks 


Mudceracks are mentioned by du Toit from the basal shales of the T.M.S. 
(8, p. 908), and indicate exposure of these beds to the air at the time of their 
formation, as well as shallow water conditions. 


(iii) Cross Bedding or Cross Lamination 


Cross bedding is characteristic of the arenaceous parts of the T.M.S., and 
indicates the presence of strong currents during the deposition of this 
predominantly coarse sandstone. As a Tule the vertical development of the 
cross-bedded units is small in the basal beds. 


(iv) Sandflows 


An example of this rare primary sedimentary structure is shown in 
Plate IIT, 6. It is not the cast but the actual form assumed by the once wet 
sand #flowing down a steeply inclined beach. The structure could only have 
formed subaerially, and owes its origin to water seeping out on a steep, sandy 
beach during ebb tide, causing small sandfiows. 'The softly curled outlines, like 
folded skin, are characteristic. The basal beds of the T.M.S., in the Stellenbosch 
area at least must therefore have been deposited within the littoral and 
perhaps the upper part of the neritic zone. 


(v) Contemporaneous Folding and Crumpling 


The peculiar structure of the T.M.S. at the base of the Upper Shale Band 
has been described in detail (12, p. 19), and is believed to have been caused 
by overriding ice, folding and crumpling the still unconsolidated sediments. For 
tie marginal parts of an ice sheet to effect this ploughing and sgueezing on 
the sediment, reguires shallow water conditions. 


4291 
STRUCTURES FROM 'THE BOKKEVELD SERIES 


Some of the structural marks present in the Bokkeveld beds are unidue, as 
are also two marks of organic origin. 


(i) “Raindrop Marks” 


This structure was found at the base of the second sandstone (Map, 
locality CO), and is in the form of a cast (Plate IL 1). The rock forming the 


PLATE II 


Ph. 1: “Rain prints” from the base of the Second Bokkeveld Sandstone. 

Ph. 2: Fossil tubes, probably mussel blow-holes or worm burrows, from the 
Fifth Bokkeveld Sandstone. ) 

Ph. 3: '(Cross ripples from the top of the Third Bokkeveld Sandstone. 

Ph. 4: Sand bubbles and craters from the top of the Third Bokkeveld 
Sandstone. 


cast is a very fine-grained, shaly sandstone, but the material in which the 
original impressions were made was probably mud or muddy sand which 
weathered easily, leaving the excellently preserved casts. 

The supposed raindrop marks all widen out from a more or less sharply 
pointed end having a bulbous and streamlined form. The opposite end is 
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round. Measurement of the directions of trend of their longest axes gave a 
maximum deviation from a chosen mean direction of 45” to one side and 18” 
to the other. 'These two marks therefore meet at an angle of 63”. As a rule 
the deviations are small, of the order of 15”, 10” or 5” to either side, while 
the trends of the majority of the marks do not deviate from the mean direction 
by more than 3* or 4”. Tapering ends are always pointed in the same direction. 

The casts differ markedly from the raindrop marks described by Twenhofel 
(37, D. 677). They are not circular but have a mean length of .31 inch, a mean 
breadthn of .14 inch and a mean depth of .04 inch, which shows that the 
raindrops reached the surface moving at an angle of less than 90. 
Professor J. V. L. Rennie, who examined them, regards the designation “raindrop 
marks” as very doubtful. If it should, however, be correct, and the imprints 
were formed on soft mud, it implies that this surface was exposed to the 
air, probably during low tide, and consedguently that the deposit was made in 
very shallow water. It is difficult to find any other explanation for the distinct 
alignment of the impressions. 


(ii) Ripple-marks 


1. Cross Ripples: Cross ripples were found at the top of the 'Third and 
the base of the Fourth sandstones (Map, locality A and 4). 'The ripples are of 
the rectangular type with sharp crests and depressions varying slightly in 
depth and form. Plates IT, 3 and III, 8 show the top and bottom of one slab, 
which yielded the following measurements respectively: 


Wavelength OS SA DAS sage N AE OO 250 
Heisht of crest above trough .. ET s0 


A fine example of cross ripples of wavelength 6.00” was found by Professor 
Taljaard at the top of the 'Third Sandstone during a visit to the area 
(Plate IIT, 5). The ripple-crests strike in E.-W. and N.-S. directions, and the 
wavelengths in these directions are 7 and 5 inches respectively. From the 
photo it is clear that the ripple-crests are not straight lines, but zig-zag from 
one cross crest to another. 

Following Twenhofel (37, p. 658) these cross ripples are believed to have 
formed in very shallow water in Which two sets of oscillations, perpendicular or 
nearly perpendicular to each other, are set up by wind action. 

Identical ripples, in course of formation, were observed in the same area 
in small river ponds with sandy bottoms. 'They were formed by the action of 
wind on water only 10 inches deep and had wavelengths of approximately 
1.25 inches. 


A shallow-water origin is therefore indicated for the top of the Third 
and the base of the Fourth Sandstone. 


2. Oscillation Ripple-marks: Fossil oscillation ripple-marks are abundantly 
present throughout the Bokkeveld beds and occur principally in the more sandy 
facies. It is remarkable that only one example of current ripple-mark was 
observed, and this was probably a modified oscillation ripple-mark. 

The symmetrical ripple-marks from the Bokkeveld beds do not conform 
in shape to the usual sharp-crested type. As a rule the Crests are round, not 
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sharp, and slabs bearing them simulate corrugated roofing-iron. The crests 
may be slightly narrower, or edual in width to the valleys. Wavelengths difer 
from one horizon to another, as do also wave trends. `Within a vertical range 
of 6 inches wavelengths measuring 3 inches and '.5 inches were seen. 
Measurement of the directions of trend of the ripples in this same 6 inch bed 
revealed similar variations. 'The following are some of the readings taken: 


GE EO WE (4) E.-W. 
(2) EGO s: (6) EB.-W. 
(3) E.50” $. (Oo) EE 10 is: 


These relations hold good for all the sandstones of the Bokkeveld Series. 


The ripples clearly originated in water, having ripple indices of 8-10. 
Wavelengths commonly vary between 2 inches and 6 inches. Similar oscillation 
ripple-marks with rounded crests have been described by Kindle (17, p. 97). 

According to Bucher (1, p. 243) the presence of oscillation ripple-marks in 
a sedimentary rock to the exclusion of all other types of ripple-marks indicates 
that the water body in which the sediment was laid down must have been 
free from tides and currents of any kind. A similar conclusion was reached 
by Kindle (17, p. 48): '“ .... the abundance of the wave-made type of 
ripple-mark in a sandstone formation .. . . and the absence of the asymmetrical 
type would indicate its formation under lacustrine conditions.” 

Tides can, however, be illustrated to have existed in this ancient sea of 
Bokkeveld times by means of the organic and inorganic structures present. 
Tidal currents must therefore have existed, and strong current action is proved 
by the extremely cross-bedded nature of the sandstones. 'The almost total 
absence of current ripples is probably due to conditions which did not permit 
of their preservation. Perhaps their chances of preservation are small compared 
to those of symmetrical ripples. 

Gilbert (37, p. 650) explained the formation of symmetrical ripple-marks as 
follows: When wind waves pass through a water body of sufficient depth, there 
results at the bottom a to-and-fro motion of the water. If this bottom is 
covered by sand, symmetrical ripple-marks form as a surface of adaptation 
to the friction between sand and water. If this theory of origin is accepted for 
these structural marks, it immediately becomes clear that oscillation ripples 
with large wavelengths (5-7 inches) must have a limited depth-range within 
which they can be formed (1, p. 246), the upper limit of which appears to 
be, from Kindle's observations (17, p. 29), of the order of 10 feet. 'The lower 
limit lies at that depth where waves can affect the necessary movement. 'This 
depth is limited, for according to D. W. Johnson (16, p. 12), the horizontal 
distance of movement of water particles due to oscillatory wave motion 
decreases rapidly with increase in depth. Bucher (1, p. 246) suggests that this 
maximum depth for large ripple-marks may lie within the littoral region or 
the upper 40-50 meters of the neritic zone of the oceans. 

Considered from this point of view it appears likely that the majority of 
ripple-marks of the Bokkeveld beds were formed in shallow water, perhaps only 
ten, or a few tens of feet in depth. 'The depth limits for ripples of short 
wavelength is great, as is indicated by the observations of Siau (1, p. 245), and 
therefore they are poor indicators of depth. 
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From the foregoing it is evident, especially when taking into consideration 
Kindle's observations, that the ripple-marks in the Bokkeveld beds may have 
formed in shallow water — possibly as shallow as 10 feet at times. Considered 
in conjunction with the other structures, this becomes all the more probable. 


(iii) Sand Bubbles and Sand Craters 


A small slab of sandstone bearing undoubted bubble-marks was found in 
the fourth shale, a few feet above the Third Sandstone (Map, locality B). 'The 
mode of formation of somewhat similar “sand domes” has been described by 
D. W. Johnson (16, p. 158) and R. H. Palmer (22, p. 176). 'The form assumed 
by the bubble-marks from the Bokkeveld beds is probably due to the partial 
collapse of the roofs of similar sand domes (Plate II, 4). Some of the roofs 
slumped down to one side of the blister; others in the centre. 'The rims 
remained slightly elevated above the even surface of the sand, and where the 
slumping was eccentric, that part of the rim farthest from the depressed area, 
has a slightly higher elevation than the rest. 'The bubble-marks are practically 
circular and yielded the following measurements: 


Elevation of Rim above the 


Diameter Outside and Inside 
OON imel 0.05 inch 0.07 inch 
Hat 5 OS TWEE) 
8 OOP OO EE, 
13 ss OOS. OIE is 
1.4 5 003 Oos 
12 n OO EED oes 


These figures show that the domes of the blisters were depressed slightly 
lower than the surrounding sand surface. The rock surface on which they are 
found is a laminated, fine-grained sandstone. 

The marks seem to be closely related to the sand domes of Johnson and 
Palmer. 'The collapse of the domes may have been due to the weight of 
overlying material, or to the escape of some or all of the gas trapped in 
it They are evidently very ephemeral features with small chances of 
preservation. Nevertheless these blister marks are excellent criteria to show 
that the sediment containing them was exposed to the air for a short period 
and were deposited within the tidal range. Similar structures were observed in. 
process of formation at the mouth of the Keurbooms River (Prof. Taljaard, 
verbal communication). Considered together with the cross ripples from 
practically the same horizon, they constitute good evidence for the shallow-water 
deposition of these sediments. 


(iv) Cross Bedding or Cross Lamination 


The sandstone horizons are extremely cross-laminated and their constituent 
units lenticular, but not on such a large scale as in the TM.S. Cross-laminated 
units rarely extend through more than 2 feet of sediment vertically, and are 
as a rule truncated at the top. 'Tnclinations vary rapidly in direction and 
average 4 15”. Foresets are relatively long. 
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The cross lamination proves the existence of prevailing .currents in the 
water body capable of transporting sand of those particular dimensions. 


(v) Current Marks 


Current marks are common in the sandstones, and are exceptionally well 
exposed in the Third. 'They are of a form almost exactly similar to that shown 
on a| photograph by Kindle (16, p. 117 A). lrregular hollows with raised rims 


and 'a more or less concentric arrangement of small ridges is the most 
common form. 


(vi) Organic Structure: Mussel Blow-holes or Worm Tubes 


These structures, which are distinctly unlike the sandholes described by 
Palmer (22, p. 176), were found approximately halfway up in the Fifth Sandstone 
(Map, locality 8). 'They consist of two parts: an oval or round crater-like 
depression with a slightly raised rim and widening towards the top, and a 
tube of much smaller diameter than the mouth of the crater, extending 
downwards from the bottom of the latter (Plate III, 9). 'The mouth of the 
tube may be centrally or excentrically situated, while the tube itself narrows 


downward to a point, and may be curved or straight (Plate II 2). 'The 
following measurements were made: 


di) (2) 


DiAmeter of crater EO 08 men 0:6 & 0 inn 
Depth sy 5 NE OE 0 is 0.18 
Diameter of tube “AA OE vO19 0.17 
Length NE BEA EEN oi 2.0 
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These holes were probably formed by fossorial pelecypods or worms in wet 
sand uncovered at low tide. Some of the tubes are partly filled with sand, due 
to subseduent covering. Professor J. V. L. Rennie considered the designation 
“mussel blow-holes or worm tubes” correct. If this should be true, the sediment 
in which they occur was deposited in the littoral environment, for it is hardly 
possible for such marks to be formed on dry sand or under a cover of water. 


(vii) Organic Structure: A Gastropod Track (?) 


Plate TIT, 7 shows a mark resembling even in the minutest detail the tracks 
made by gastropods on the sandy beaches of the present day. Such tracks are 
common between low and high water mark at low tide, but the chances of 
their preservation are undoubtedly few. 

The mean breadth of the track is 1.7 inches. 


The edges are marked by 
shallow marginal depressions # .15 inch wide, extending along the length of the 


track, and the direction of movement of the animal is indicated by two lines 
of semicircular ridges. Hach line occupies one-half of the breadth of the 
track and was presumably formed by the rythmic, wavy motion of the foot 
of the animal. Where these lines coalesce along the middle of the track a 
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very slightly raised ridge is present. 'The rock on which the impression was 
formed is fine-grained and was obtained from the base of the Second Sandstone 
(Map, locality CO). 

1f this mark is a gastropod track, it could only have formed on wet sand 
and above the waterline, most likely during ebb tide. It should be noted that 
the locality is the same as that of the supposed “raindrop impressions”. 


III. FOSSILS FROM 'THE ROCKS OF THE 
CAPE SYSTEM 


In the Wuppertal area marks and imprints were found in the rocks of the 
three members of the Cape System which are considered to be fossils. 'The 
majority of these fossils are well-known, except for bi-valve impressions from 
the arenaceous beds and a profusion of plant remains reaching a masimum 
development at the base of the Fourth Bokkeveld Sandstone. No description of 
such marks could be found in the literature, and the Table Mountain Sandstone 
was hitherto considered as almost completely unfossiliferous (8, p. 2138). 


FOSSILS IN THE T.M.S. 


It was surprising to find that the top strata of the T.M.S. in this area bear 
marks along the bedding planes exactly similar to those present in the 
Bokkeveld Sandstones. 'The marks appear as soon as the sandstone becomes 
thin-bedded, somewhat shaly and feldspathic, and they resemble poorly 
preserved fossils. Such poor preservation was to be expected, considering the 
extremely coarse-grained nature of this pebbly sandstone. 

At a cursory glance the marks were thought to be due to the removal of 
pebbles through weathering, but their presence where no pebbles could be 
seen, and their symmetrical form, soon led to closer investigation. It was 
found that when the rock breaks across the bedding planes, small tabular 
cavities are revealed parallel to the bedding and with slightly concave upper 
and lower surfaces. As a rule they are empty, but a soft, grey material may 
be enclosed. 

The symmetrical form of, these marks resembles in a striking way that of 
Lingula and other brachiopods. 'The position of the shell margin is often 
indicated by a sharp, smoothly curving groove around the edges of the 
impression. Plate IV, 11 shows an impression resembling in form a protremate 
brachiopod (Strophomenidae) with the hinge-line clearly visible. 

'The distribution of these marks within the sandstone is the same as that 
of similar marks in the Bokkeveld Sandstones. 'They are littered on bedding 
planes of small lateral extent, while the rock separating such planes may 
contain few or no marks. lImpressions of broken shells were not found. 

Worm tubes or related structures are present in great abunidance in some 
of the lenses of fine sandstone. 'They are more or less perpendicular to the 
bedding and cut across it. When seen from above, the dark-coloured material 
filling the tubes shows a concentric structure, and when viewed from the side it 
shows a chain of closely-spaced semi-circular rings along the length, touching 
the sides of the burrow and concave upwards. 
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FOSSILS IN THE BOKKEVELD SERIES 


In the Wuppertal area only the four lower members of this series have 
yielded abundant known marine fossils. On traversing across the outcrop it at 
once becomes evident that the fossil content of the shale members decreases 
rapidly with rise in stratigraphic succession. With the sandstones it is 
otherwise. Although the well known brachiopods such as Spirifer and 
Leptocoelia disappear beyond the Second Sandstone, various other forms 
Continue to be present in all the arenaceous beds including the Witteberg 
Sandstone. 


The plant fossils present are for the greatest part unknown forms. 


(i) Modes of Occurtence of the Fossils 


It is advantageous to treat the shales and sandstones of the Bokkeveld 
Series separately. 


The Shales: Fossils are as a rule excellently preserved in the shales except 
for local crushing and deformation. 'Those in the best state of preservation 
are found within round, ellipsoidal or irregular mudballs which are much harder 
than the shales and litter steep surfaces. 'They occur abundantly along fairly 
even bedding planes separated by massive mudstone, and measure from one to 
three inches across. When shattered, the balls tend to part along the surfaces 
of the fossil or fossils they contain, probably because all the soluble shell matter 
is as a rule leached. 

The mudballs must have been formed contemporaneously with the sediment, 
for the bedding planes curve over them. 'The formation of such a ball may 
have started with the gentle to-and-fro rocking of a shell by wave action, the 
mud of the bottom adhering to it. Subseguent movement probably enlarged 
it and caused more shells to be incorporated. They are only found in the 
First Shale, and have already been mentioned by Schwarz (31, p. 275). 

Shell impressions or casts also occur scattered throughout the dark, compact 
mudstones, or littered on bedding planes without any vestige of shell matter 
remaining. No fractured shells or shell fragments were found, but bi-valve 
impressions showing a closed position of the valves are common. 'These fossils 
are often badly deiormed and always difficult to extract because of the splintery 
fracture of the mudstone. 

A peculiar feature about the occurrence of the fossils is that they are 
distributed in colonies laterally and vertically. On one bedding plane Orbiculoids 
may abound, while on another the remains of crinoids, Spirifers, Nuculites or 
Leptocoelia may be littered. lLaterally this colonial effect is egually pronounced 
and may cover considerable thicknesses of strata. lLocally the rock may often 
be called a brachiopod, trilobite or pteropod mudstone. 'The same interesting 
kind of fossil distribution was noticed in the First Sandstone (31, p. 280). 


The Sandstones: Impressions in the sandstones are not so delicate as those 
in the shales. As a rule they occur lying parallel to the bedding planes, on 
some of which they occur in very great abundance, while the intervening rock 
may be poor in, or void of them. Such richly fossiliferous beds are of small 
lateral extent, although a series of them may lie at the same level, simulating 
the deposits of shells in small hollows on our present beaches. The closed 
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attitude of the shells and their occurrence in pockets suggest rapid burial below 
beach sands. It is of interest in this connection to notice that small and large 
shells of the same type occur together. 

Impressions of plant stems in the sandstones lie along the bedding planes, 
often together with bi-valve impressions. At the base of the Fourth Sandstone 
where plant remains are most abundant, supposed leaf impressions lie strictly 
along the bedding, while related marks, probably those of bunches of seed, are 
only approximately parallel to the bedding. 'The “leaf” marks show that the 
material which made them must have been little abraded, for external vein 
markings are distinct, and impressions of broken parts were not found. 


(ii) The Fossils and Their Distribution 


The typically marine Bokkeveld fossils included in du 'Toit's list (8, pD. 2238) 
occur abundantly, in this area, in only the four lower members of the series. In 
the First Shale fossils are plentiful from the very bottom to where it grades 
into the First Sandstone. 'The forms present are exceptionally large, Orbiculoids 
measuring 2.4 inches across, and one Homalonotus cephalon measured 3.8 inches 
across. 'The closed positions in which the bi-valve shells are found and the 
often intact nature of the trilobite remains show that the bottoms upon which 
this sediment was laid down formed the natural habitat of these animals. Only 
crinoid columnals are found dismembered and scattered about, and it is possible 
that the muddy waters over these bottoms produced an environment unfavourable 
to their development. 'The large sizes attained by the other organisms show that 
they teemed on the bottoms of the ancient sea of which they bear witness. 

It may not be said that fewer fossils are present in the First Sandstones, but 
there is an almost complete change of types. Bi-valves, wholly lacking in 
ornamentation, become plentiful (Plate IV, 12), while trilobites, crinoids and 
many of the bi-valves found in the First Shale disappear completely. Only 
Spirifer and Leptocoelia continue up into, and throughout, the sandstone. 

This relation is fairly well duplicated in the Second Shale and Second 
Sandstone except that fossils are less abundant in this shale than in the 
First, and species are fewer. 'This, in conjunction with the smaller dimensions 
of the forms, is perhaps an indication of a changing environment, rendering 
circumstances less favourable to these organisms. 'The change of faunal 
association from one lithologic type to another was probably due to the change 
in the character of the bottom together with the changes of environment it 
necessarily implies (36, p. 156). 

The Third Shale was deposited under notably different conditions — conditions 
probably recurring during the deposition of each of the following shale bands. 
Signs of animal life vanish completely at the top of the Second Sandstone, and 
only marks of doubtful origin, known as Spirophyton, are found to be abundant 
in this shale. 'The mark was found as far down as the base of the Second 
Sandstone and litters the bedding planes of the numerous sandstone lenses in 
this shale. Graphitic material in the form of rods with concentriec structure 
also occurs in these lenses, and may have almost any orientation with respect 
to bedding. Considering conditions on our present coasts, the appearance of 
organic material and the conseguent fouling of the waters would drive out, or 
prevent from entering, animals that would otherwise have freguented these 
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Impressions oi bi-valves again become abundant in the Third Sandstone 
and are accompanied towards the top by recognisable plant stem impressions 
resembling that of Bothrodendron. 

Graphitic material increases in abundance in the Fourth Shale, especially 
favouring sandstone lenses. Crinoid stems reaching lengths of 6 inches and 
perhaps more, are found in an upright position in a white, loose, sandy stratum 
at about the middle of this shale. 'The columnals have no ornamentation like 
those of the First Shale and only one species seems to be present. 'The stems 
are usually about one half inch thick, which is about twice the size of thos€ 
in the First Shale. The material which built the columns has been replaced 
by limonite. 'These animals probably enjoyed a much greater development in 
the clear water above this white sandy bottom than in the muddy waters in 
which the lower .shales were deposited. Limonitic concretions of every 
conceivable shape occur in the sandy bed. Some are up to 6 inches in 
diameter. Impressions resembling the spiral radiating form of Spirophyton 
were found in the lower half of the shale. Instead of a continuous net spreading 
from the centre, stout rodlike marks of varying lengths radiate from it, lying 
parallel to the bedding planes. A similar mark from the Bokkeveld beds has 
already been described (31, p. 282). 

The graphitic material slowly increases in abundance to the base of the 
Fourth Sandstone, where plant remains become recognisable. At this horizon 
there are two thin beds of dguartzite of a dirty green colour, each approximately 
8 feet in thickness and separated by thin shales. 'They are ramified with black 
inclusions of varying form. When fresh the black material is hard, but it 
weathers to a soft powder. 'The cavities filled by it can now be seen to have 
the form of leaves, and perhaps seeds. 'The “seed” impressions are shown in 
Plate IV, 10. 'They are tubular and taper to both ends with branching 
nodes. 'The fowl-foot form is characteristic. Plate IV, 13 shows the “leaf” 
impressions still containing the black material. 'They are of two distinct forms: 


(1) One kind of imprint has a roughly rectangular form with a marked 
median depression and rounded corners. Their thicknesses are usually 
less than one-tenth inch. 

(9) The other kind, when the black material is weathered out, shows 
distinct veins running almost parallel to each other along the length 
of the “leaf”. 'The marks are not rectangular, but broaden out 
considerably near the middle. One end has the form of a slightly 
asymmetrical V with a rounded point, and the other — the formerly 
attached end — is broad and blunt. 


'Typical measurements of the two forms are given below: 
(1) (2) 


Length Breadth Length Breadth 
1.00 inch 0.85 inch 1.90 inch 0.80 inch 
430 0.40 ABO. 0.60 
985, DEAD. 130M (630. 
90, OO 0.60 OS, 
120, OES. 
HOME, OUDE 
100 DR. 
JO 0.45 
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CRINOIDS 


TRILOBITES: 
Bainella juvenile* 
Bainella bokkeveldensis? ) 
Dalmanites caffer 
Dalmanites Sp. .. ss 
Homalonotus herscheli 
Homalonotus Sp. 
Phacopidae 


OSTRACODS: 
Berichiidae'* 


BRACHIOPODS: 
Chonetes arcei 
Chonetes Sp. .. 
Cryptonella baini* 
Cryptonella juvenile* 
Derbyina S 
Leptocoelia fabellites .. 
Lingula keideli* 
Lingula Sp.* 
Orbiculoidea 
Rensellaria sd 
Schuchertella sulivani .. 
Spirifer antarctHceus 
Spirifer Sp. . 
Strophomenidae* 
Indeterminate 


LAMELLIBRANCHS: 
Grammysia* 
Janeia brasiliensis* 
Modiomorpha* .. 
Nuculana (inornata)* 
Nuculites abbreviatus* 
Nuculites obtusus* 
Nuculites sharpei 
Palaeoneilo* 

Indeterminate: 


GASTEROPODS: 
Bellerophon 
Diaphorostoma Sp.* 


PTEROPODS: 
Conularia africana 
Hyolithes* 5 
Tentaculites Sp. 


SPIROPHYTON 
PLANTS: 
Bothrodendron leslië 


Indeterminate 


WORM TUBES? 


*Considered probable by professor ]J. V. L. Rennie. 


? Doubtful. 
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1, 2, etc. are locality numbers. 


p means “present.” 
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It is of interest to note that the “seeds” and “leaves” occur separately. At 
the base of the main sandstone phase the plant remains are so numerous that 
a thin layer of black, graphitic material approximately 3 inches thick is 
formed, containing lenses of limonite. 

The presence of the plant remains is abruptly discontinued above this black 
stratum, and the only vegetal impressions found in the rest of the Fourth 
Sandstone are black, perfectly rectangular marks measuring 1 inch long and 
25 inch broad. One end always fades and is indefinite. Similar marks oecur 
in all the sandstones but the First. Bi-valve impressions are as abundant as 
in the other sandstones. 

The Fifth Shale is almost devoid of organic remains, save for a cast 
resembling in form most perfectly the sine curve. It lies parallel to the 
bedding; is 0.4 inch wide and 0.1 inch high, with half its height projecting 
above the bedding plane on which it lies. lIdentical marks were found in the 
Second Sandstone. 

In the Fifth Sandstone and Sixth Shale bands plant remains again become 
abundant, and are of the same types present lower down in the series. Mussel 
blow-holes or worm tubes were found at the tops of some cross-bedded strata 
in the sandstone, and the bi-valve impressions present are exceptionally large, 
some measuring 4 inches across. 


FOSSILS IN 'THE WITTEBERG SERIES 


Only the lower few hundred feet of the Witteberg sandstone was examined. 
Plant fossils are present and stems of Bothrodendron were found. Bi-valve 
impressions are much smaller than those in the Fifth Sandstone, and those 
examined by Professor J. V. L. Rennie suggested to him the outline and flatness 
of Lingula. 'The mode of occurrence of the fossils is the same as that for 
the Bokkeveld sandstones. 


FOSSIL ZONES IN THE BOKKEVELD SERIES 


It has been pointed out by du Toit that there is a remarkable absence of 
faunal zones in the Bokkeveld beds, but he recognised a lower part yielding 
marine fossils and an upper part yielding plant fossils (8, D. 220). 

Essentially the same may be said for the Bokkeveld beds of the Wuppertal 
area. Marine fossils occur uninterruptedly to the top of the Second Sandstone, 
which horizon also marks, approximately, the advent of plants. Beyond this 
sandstone the Bokkeveld shales appear to be almost barren of. life, save for 
plant fossils and the crinoids in a sandy bed of the Fourth Shale. The 
sandstones, however, contain bi-valve impressions throughout the series. On 
these grounds the following divisions may be made for the area concerned: 


First Shale ) 
First Sandstone Marine fossils dominant 
Second Shale throughout. 


Second Sandstone J 
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Third Shale ) 
Third Sandstone 

Marine and plant fossils 

dominant in sandstone 

and shales respectively. 


Fourth Shale 
Fourth Sandstone 
Fifth Shale 

Fifth Sandstone 
Sixth Shale ) 


The scarcity of fossils above the Second Sandstone does not allow of a 
more detailed division. 


THE IMPLICATION OF THE FOSSILS 


It may be expedient to disregard for a while the boundaries of series within 
the Cape System. 'The fossils present within these rocks can then be used to 
much better advantage than to delimit faunal and #floral zones. 

The bi-valve impressions present in the feldspathic upper beds of the 
T.M.S., in the Bokkeveld sandstones and in the lower beds of the Witteberg 
Series are of essentially the same forms and have a common mode of 
occurrence. They resemble brachiopod and pelecypod shells most closely in 
form, but no ornamentation or dentition could be made out. Sharp grooves 
around the edges of some impressions are very suggestive of impressions made 
by shell margins. Acid tests on shell material, where present, gave positive 
results. Professor J. V. 1L. Rennie considered the designation “bi-valve 
impressions” correct for some of the specimens, and suggested that a few may 
have been made by Lingulae. 'The marks are therefore considered to be 
brachiopod and pelecypod fossils, and are treated as such. 

The presence of these bi-valve fossils together with typical marine fossils 
in the First and Second Sandstones shows them to have been marine types, and 
are brachiopods. 

Should this be true, it follows that marine deposition prevailed for this 
part of the Cape System from the time of deposition of the upper feldspathic 
zone of the T.M.S., throughout Bokkeveld and also during lower Witteberg times. 

But another line of evidence points in the same direction: the presence 
of crinoid remains, evidently in their natural positions of life, in the Fourth 
Shale, shows that at least thus far marine waters covered these bottoms. And 
the fact that this position is stratigraphically hundreds of feet above the 
last known marine fossils, shows that there is no reason at all to refer the 
absence of the latter to another environment. 

It follows, too, from the presence of invertebrate life in all these rocks that 
there exists a closer relationship between the upper TMS. and Bokkeveld 
beds, and between the Bokkeveld and Witteberg beds, than was previously 
thought. 'The T.M.S.—Bokkeveld boundary hitherto recognised loses the essence 
of its significance, namely a boundary between a richly fossiliferous mudstone 
and a totally unfossiliferous, gritty sandstone, and only the lithologic distinction 
remains. But this, too, loses much of its value on a study of the heavy 
minerals present in the rocks (Chapter IV). 

The fossils, together with the feldspars present in all the sandstones 
studied, also furnish evidence to show that the rocks within which they occur 
were deposited in an environment which varied only within narrow limits, and 
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the conformable nature of the strata shows that no large-scale interruptions 
of deposition took place. 'This necessitates an ulterior basis for the division 
of this system of rocks into series. Such a basis of division will be briefiy 
touched upon in Chapter V. 


IV. HEAVY MINERALS FROM THE BOKKEVELD 
SANDSTONES 


An investigation was conducted on the heavy minerals from samples taken 
across the outerop .of this series with the aim of learning something about its 
provenance. At the same time such a procedure might furnish additional 
evidence concerning the manner of deposition, the distance of transport and the 
climatic conditions prevalent at the time of deposition. 'The tabulation of the 
results obtained, guantitative as well as dualitative, would certainly be very useful 
to later workers on this formation for purposes of correlation. 

Only the sandstone horizons were sampled for this purpose, together with 
one hundred feet each of the Table Mountain Sandstone and Witteberg Sandstone 
immediately adjacent to the Bokkeveld Series. Chips of fresh rock, weighing 
altogether two pounds, were taken at intervals of ten feet along a line as nearly 
parallel to the dip of the rocks as possible. This direction could not always strictly 
be adhered to on account of difficult climbing. 'The samples were put into 
separate holders immediately after being taken, numbered and the localities 
indicated on the accompanying map. 

The samples were crushed separately in a steel mortar and passed through 
a coarse sieve, in order to eliminate uncrushed particles. Some of these, however, 
did pass through, but could only have affected the total percentage of heavy 
minerals in each sample. 

The volume of the crushed samples was reduced by coning and duartering 
to 100 gm. each. 'These were then combined in such a way as to give seventeen 
large samples: one each for the T.M.S. and W.B. Series, and three for each of the 
sandstones dividing them into lower, middle and upper phases. For each of these 
phases a third of each sample of sandstone was taken from the lower, middle 
and upper portions, in order to obtain a representative sample for the horizon 
as a whole. 

Before the material could be treated with bromoform, it was necessary to 
remove the dust by stirring vigorously with water in a large beaker and leaving 
it for two minutes at a time, after which the liduid was decanted. 'This treatment 
was repeated until the liduid decanted became practically clear, and then the 
sample was dried. 'The mean loss in weight ranged from 9 to 11 gms. 

The heavy minerals were separated mechanically by means of bromoform. A 
preliminary examination showed that it was necessary to clean the concentrates. 
To this end they were treated with hot, diluts hydrochloric acid. When clean 
the concentrate had a light grey colour. A preliminary examination showed that 
none of the minerals present would be affected by such treatment. Some of the 
iron particles, incorporated during crushing in the mortar, were not completely 
removed by the acid. 

A representative fraction of each heavy mineral sample was mounted in 
arochlor resin of refractive index 1.6. Even distribution of the mineral grains 
was ensured by stirring the hot melt before pressing down the cover glass. 'This 
is important if counting has to be carried out on the mount. 
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A preliminary investigation was carried out on a large separate sample 
representing all the horizons sampled to ascertain which minerals were present, 
and to become familiar with them. 

From an account of a similar investigation carried out by W. F. Conradie 
and L. P. Rabie (8, p. 108) it is clear that the results of grain counting agree 
closely with weight percentage determinations. It was therefore deemed 
unnecessary to proceed to any further separations by aneans of heavy liguids. 

The mineral freguencies in each of the mounts were therefore determined 
by grain counting. 'The mean number of grains counted for each separate 
concentrate was 1,000, giving an accuracy of approximately 2% (20, p. 452). 

The process of counting was facilitated by using a Leitz Sy microscope, 
because it is of great assistance if the magnification may be varied over a wide 
range according to the variation in grain size of the concentrates. 


THE HEAVY MINERALS 


A glance at Table II reveals that the mineral assemblage is rather simple, 
being made up of only six major constituents, namely zircon, rutile, tourmaline, 
brookite, monazite, ore, and in addition rare grains of xenotime. 'This is a 
remarkable fact if it is borne in mind that the upper T.M.S. as well as the 
first two sandstones of the Bokkeveld Series are feldspathic. A careful 
investigation of all the concentrates revealed no other minerals. 

The relative freguency percentages of these minerals, except xenotime, are 
given in 'Table II. In the case of rzircon, rutile and tourmaline, readily 
distinguishable species were recognised as such and counted separately. 

It was, however, clear that the relative proportion of opadue minerals was 
somewhat uncertain. 'Table III was therefore drawn up, leaving out the “ore” 
fraction. 

Zircon is clearly by far the most common mineral, followed in order of 
decreasing abundance by rTrutile, tourmaline, brookite and monazite. 'This 
order is seen to change slowly upward in the succession, especially with regard 
to brookite. 'This mineral becomes so abundant in the W.B. as to exceed in 
abundance the rutile, as may be seen from 'Table IV which is a simplified 
form of Table III. 

The sizes of the heavy minerals vary in sympathy with the variations in 
grain size of the sandstones. 'This is shown in Table V and Fig. VI. Although 
the table is not complete, it is at once evident that there is a steady increase 
in grain size upward in the succession, except in the case of monazite. 


PETROGRAPHY 


Zircon 


This is by far the most common mineral in all the concentrates, varying 
in freguency from 55 up to 81%. Three distinct varieties of zircon are present, 
but on closer investigation several subordinate varieties may be recognised. 
Taken as a group, the zircons are poorly rounded, having mean elongation 
indices of 1.7 to 1.8. Grains showing crystal faces are by no means rare, and 
perfectly euhedral crystals were often encountered. As a rule the zircon grains 
are elongated and possess a brilliant, adamantine lustre and minutely pitted 
surfaces. 'They are almost invariably fresh. 
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TABLE V 


AVERAGE MINERAL GRAIN SIZES IN mm. 


—E 


Horizon Zircon Rutile Tourmaline Monazite Brookite 
VietEbesg Series 0-15 x0-08 | 0-18%0-11 | 0-17Xx0-13 — 0-10 0 07. 
N Series —— — — ee EES 
S, Upper 0-15 x0-09 | 0-15Xx0-10 | 0-17x0-14 | 0-185%0-10 | 0-10X0-07 
S, Middle 0-13x0-08 | 0-16Xx0-09 | 0-17x0-12 | 0-18X0-10 | 0-06:0-05 
S, Lower 0-18x0-08 | 0-17x0-08 | 0-16:0-10 | 0-12 X0-09 0-07X0-06 
S, Upper 0-12x0-08 | 0-14 xO0-08 | 0-13%0 10. 0-11 XO-08. 0-05 0-04 
S, Middle 0-15 x 0-09 | 0-15X0-10 | 0-14%0-10 — 0:05 Xx 0-03 
S4 Lower 0-13 x 0-07 | 0-15 xO0-09 | 0-17Xx0-12 | 0-14X0-09 
S; Upper 0-12 x0-08 | 0-14 x0-08 | 0-11 0-10 n 0-08X 0-06 
S, Middle 0-12x0-08 | 0-14x0-08 | 0-13X0-10 | 0-138X0-10 | 0-07X0-06 
S, Lower 0-11 0-07 | 0-15 0-09 | 0-15%0-11 de — 

S, Upper 0-09 0-06 | 0-11x0-06 | 0-11 0-08 Er — 
S, Middle 0-18x0-09 | 0-15Xx0-09 | 0-180-09 | O-150-11 RAS 
S, Lower O0-11*x0-06 | 0-15x0-06 | 0-14X0-13 — 0-06 0-05 
S1 Upper 0-12 Xx 0-08 | 0-12 0-07 ET E ss 
S, Middle 0-10 0-05 — — ee — 
S, Lower 0-07 0-04 ss - Eis sa 
T.M.S. se Es sad Es n 
Number of grains 

measured .. 100 35 35 35 35 
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The three main varieties of zircon found are: 


(A) Colourless zircon. 
(B) Pink zircon. 
(C) Cloudy and zoned zircons. 


(A) THE COLOURLESS ZIRCON is the most common variety in the concentrates 
and has a wide range of forms as well as types of inclusions. It exhibits no 
pleochroism or colour, and the refractive indices are approximately as follows: 
1.930 — o — 191, — # 1.990. Grouping as different species, resulted from 
differences in crystal habit, structure and type of inclusion as follows: 


(a) Habit: Two prisms and one or more bi-pyramid. 'The prisms may be 
of unegual or egual development. The bi-pyramidal faces are only rarely left 
duite unscathed by abrasion, but freguently more than one set were observed, 
probably the forms 111) and 4331 Fe Infreguently a steep, ditetragonal 
bi-pyramid was seen, probably 4311 F 


The typical inclusions of this variety are rodlike, irregular and round 
transparent, and irregular opadue. They possess no marked orientation and 
do not show any tendency to favour special zones in the crystals. 


(b) Habit: One prism and one bi-pyramid. 'The majority of white zircons 
fall in this category, and although they all possess a common habit, they differ 
with respect to inclusions and internal structure, that is, presence and manner 
of zoning. 

Most of these zircons are closely zoned centrally and faintly outwards, but 
variations are common. 'The centres of crystallisation, clearly demarcated by 
Zoning, as a rule lie eccentrically. 

Zircons belonging to this group are hosts to a large variety of inclusions 
which may be present in almost any association and are of widely difering 
sizes. 'The most common 'jnclusions are: 'irregular transparent, round 
transparent, with low refractive indices, probably bubbles of liduid or gas; 
irregular, elongated transparent; prismatic, slender or stout, colourless or 
yellow; opadue, irregular or stout prismatic with large bi-pyramidal faces. 

As a rule the inclusions are orientated at random, but those in the form 
of rods often lie along zones, that is, parallel to the prism or bi-pyramidal 
faces. 'Those of bubble-like form are sometimes concentrated in one part of a 
Crystal, or drawn out in strings parallel to the c crystallographic axis of the 
Zircon, or in army obligue direction thereto. 

Although many of these zircons differ in association and arrangement of 
the inclusions, a very large fraction of them are characterised by opague 
inclusions of short prismatic habit, terminated at both ends by well developed 
bi-pyramidal faces. 'This mineral usually in the form of very minute but 
always euhedral crystals, suggests that these zircons were probably derived 
from a common parent rock. 

A small percentage of the zircons characterised by this habit show a 
remarkable crowding of all the above-mentioned inclusions, except the opadue, 
euhedral mineral. As a rule the inclusions are large and so closely crowded 
as to decrease the transparency of the crystals. 


(E) Habit: One set of prism faces:; two sets of bi-pyramidal faces of the 
same order. 'The steeper bi-pyramid is only weakly developed. 'Inclusions are 
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large and irregular, slightly yellow, and they often lie with their largest axes 
parallel to the c crystallographic axis of the zircon. 


(d) Imelusions only in the Centres of the Crystals: These zircons are very 
strongly zoned only near the margins of crystals, or it may be that the mantles 
are new growths upon older but idiomorphic cores. TInclusions are only present 
inside the younger growths, the mantles being without exception clear. 'The 
inclusions are rods of a mineral of low refractive index, bubbles and irregulat, 
transparent clots. * 


(e) Orientated Imelusions: These zircons, which are as a rule zoned, contain 
small transparent rods and bubbles orientated along the zones. From the zoning 
it would seem as if the habit of these erystals is the same as that of group (b). 


($) Imcelusions concentrated in the Mantle Region of the Crystals, outside 
the Narrow Part of Imtense Zoning: This group may be contrasted with those 
under (d). 'The crystals again show very prominent effects of zoning within a 
narrow film near the outside, but contain only ijinclusions in . the outer 
parts. The inclusions are very much the same as those of group (d). (Cleavage 
cracks are well developed parallel to the prism faces, and a basal parting is 
often noticeable. An axial angle of 6” was measured. 


(g) Inelusions Long and Rodlike: A few zircons in each slide were observed 
to be hosts to long, straight and very slender rods, together with perhaps a 
few bubbles. 'These rods are distinct from any of those hitherto described in 
having far greater lengths as compared to their widths, but maintaining a 
constant thickness throughout. 'There is a strong tendency for them to lie at 
right angles to each other, parallel to the base and prism of the crystal 'This 
is, however, no constant arrangement, and they may be of any orientation. All 
the inclusions have refractive indices lower than that of the zircon. 'The 
original form of this type of zircon could not be ascertained. 


(h) Zircons with Cores: Zircons with cores of dusty, zoned or pink zircon 
grains are common to all the concentrates. 'The cores possess a characteristic, 
slightly oblong form and are always well rounded. No ecrystal faces could 
therefore be seen, but from the colour, inclusions and structure it seems very 
probable that the cores belong to the zircons of types (B) and (CO) in the 
following description. 'The grains themselves are usually well rounded, or at 
least rounded to such a degree that cerystal form is obliterated (Fig. I, b). Cracks 
radiating from the rims of cores outwards are probably due to the alteration 
of the cores. In a few instances the cracks penetrate the cores, but this was 
oopserved only rarely. 

Though core and mantle are in optical continuity, the mantles have 
slightly higher refractive indices. 


(B) THE PINK ZIRCON. Zircons with pleochroism in shades of pink, pinkish- 
brown and light brown constitute a small fraction of each of the concentrates, 
varying from 8 to 1% as determined by counting. As a rule the colour is 
marked, but sometimes it was difficult to decide whether a zircon belonged to 
the pink or white type. All gradations of colour from white to pink are present. 

Euhedral crystals of pink zircon are stout. The highest elongation index 
observed was 2.0. The crystal faces present are those of the prism and 
bi-pyramid, one set of each, although in a few instances two sets of prism faces 
were observed, one being subordinate in development to the other. Common 
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inclusions are in the form of rods or, bubbles, the size and form of which may 
vary within the same fragment, or from grain to grain. Some grains contain 
only slender rods, while in others slender and stout rods occur together. 'The 
inclusions often exhibit marked orientation parallel to prismatic and 
bi-pyramidal faces, and zoning is a common feature. 


BIG. TE 


(a) Zircon, slightly rounded, showing inclusions and Zoning X 355. 
(b) White zircon with rounded core X 855. 


Refractive indices, as measured with phosphorus-methylene-iodide-sulphur 
solutions, were: sy — 1.980 ( 1 0.005),  — 1.990 ( 4 0.003). 


Pleochroism could always be observed, as follows: 


w — pink to light purple 
 — White, light yellowish-brown or light brown 


Scaly fragments produced as a result of a basal parting, yield good interference 
figures. The pink zircon was found to be just noticeably bi-axial. 'The two 
halves of one bar of the interference figure shift very slightly in opposite 
directions on rotation of the microscope stage. Optical anomalies are common 
in such basal flakes. One or both of the bars of the figure may fade in 
positions which are usually obligue to the optical directions of the zircon. Under 
crossed nicols some of the flakes do not suffer even extinction, but in the 
straight positions there is a luminous cross, the bars of which form the diagonals 
of the sdguare section. 'The cross remains the same on rotation through 35” on 
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both sides of this position. On further rotation it suddenly vanishes, only to 
reappear on turning through 20 degrees. 


Cores of pink zircon surrounded by rims of white zircon are rare in the 
concentrate. 'The pink cores observed were without exception well rounded, 
showing no cerystal form whatever, and each grain as a whole was also well 
rounded. Some of the pink zircons, at least, are therefore older than one white 
variety. According to Palache and Ellsworth (21, p. 388) red zircon #rom 
Burgess, Ontario, is decolourised on heating to dull redness for one minute. With 
the pink zircons examined, the same result has been obtained. Heating in an 
electric oven at 900%C. for 3 minutes completely decolourised them. Whether 
the colour is restored on very slow cooling is not known. 


(C) CLOUDY AND ZONED ZIRCONS. 'TwO varieties of zircon which are common 
to all the concentrates, constituting from 1 to 15% of the total heavy mineral 
fraction, have a semi-transparent appearance. 'This is due to very close zoning 
and dustlike inclusions or only to the latter. On the whole they are weakly 
rounded, many grains retaining an oblong form, with only the bi-pyramidal 
faces completely obliterated. 'The crystal habit is that of the prism and first 
order bi-pyramid. 


(8) Closely Zoned Zircons: Zircons of this variety are zoned from the core 
Ooutwards, regularly and markedly. 'This feature is so well developed as to 
render every part of the cerystal semi-transparent. 

Inclusions, which vary slightly from grain to grain, show a strong tendency 
toward orientation along the zones. 'Transparent round, irregular and rodlike 
inclusions are common. 'The smaller inclusions are often so numerous as to 
render the grains dusty or cloudy in appearance. Some grains are slightly 
pleochroic with , — light pink and  — light yellowish-brown or colourless. A 
rough basal parting is prominent. Refractive indices determined with a solution 
of sulphur and phosphorus in methylene-iodide are: 


ce — 1.99 
1.921 — og s 1.930 


(b) Dusty Unzoned Zircon: Very minute inclusions, round and transparent, 
crowd the grains to such an extent as to render them cloudy to a marked 
degree. 'The inclusions decrease towards the rims, which are clear. Apart 
from ramifying cracks, a good basal parting is present. 


Rutile 


This mineral is second in abundance to zircon in all the concentrates, except 
that of the Witteberg Series. Four distinct species were recognised, two of which 
constitute the bulk of the rutile, namely red and yellow rutile. A brown variety 
is less common, and in the first Bokkeveld sandstone sagenitic intergrowths in 
biotite and chlorite are common. 


(a) Yellow Rutile: The prismatic habit is well shown by eight-sided stout or 
slender prisms, some of which are only feebly rounded. The pyramidal faces 
are subordinate and abraded to such a degree that their nature could not be 
ascertained. On the whole the rutile shows no better rounding than the 
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zircons, angular fragments and subhedral crystals being common. 'The crystals 
are feebly striated parallel to c, and rarely at right angles thereto. A poor 
prismatic cleavage can only be seen on #fractured grains, but striae forming 
an angle of approximately 60* with the prism edges, due to polysyathetic 
twinning, are characteristic. Knee twins are common. Pleochroism may be 
almost absent, or feeble: 


ce — light yellowish-brown 
v — light yellow, greenish-yellow or straw-yellow 


Another slightly distinct variety of rutile may be included here. 'The only 
marked difference is the pleochroism which is from yellow to reddish-yellow. 'The 
longitudinal and obligue striations are marked, and in some fragments striations 
perpendicular to c predominate. Some crystals are duite smooth. 


FIG TE 


(a) Knee twin of red rutile X 220. 
(b) 'Typical fragmental grain of red rutile showing cleavage X 180. 


Large irregular inclusions of a transparent substance, elongated parallel 
to ce, and of the rutile are common to both types. 


(b) Fozy-red Rutile: The colour of the rutile is often so deep as to render 
it almost opadue. Only by inserting the condenser below the microscope stage 
could a red tinge be detected on such grains. Its brilliant metallic-adameantine 
lustre in reflected light, however, renders it easily recognisable. All gradaticns 
of rounding occur, but no idiomorphic crystals were encountered, probably 02 
account of the good prismatic cleavage and easy fracture From crystal 
fragments it was evident that the original crystals were eight-sided and 
large. Cleavage fragments are as a rule platy with perfect diagonal striations 
and occasional feeble striations parallel to c (Fig. IT, b). 


446 


Geniculate and polysynthetic twins on (101) are common. Pleochroism, 
usually strong, is as follows (Fig. TT, a): 


v — brownish-red or red 
 — dark blood-red 


The yellow and red rutile are those most often encountered in sedimentary 
rocks, and the characteristics referred to above are common. to most of the 
rutile described in the literature on the subject. Possible sources of 
derivation, according to Milner (20, p. 334), are acid igneous and crystalline 
metamorphic rocks. 


(c) Brown Rutile: This variety of rutile differs from those already described 
with regard to colour and pleochroism, as follows: 


w — yellowish-brown 
 — dark yellowish-brown or reddish-brown 


Polysynthetic twins are very common, and the lamellae are broader than in 
the case of yellow and red rutile. 


(d) Sagenitic Imntergrowths: Sagenitic intergrowths of rutile as inclusions in 
biotite and chlorite are common in the First Sandstone of the Bokkeveld, but 
were not noticed in concentrates from higher horizons. 


Tourmaline 


According to Krynine, tourmaline, together with zircon and some rutile, 
occurs in practically all sedimentary rocks, and its distribution closely parallels 
that of zircon. Owing to its wide distribution in sediments of various ages it 
is perhaps being neglected and treated as a mineral with little genetic or 
stratigraphic significance. Krynine shows convincingly that the opposite is 
true: “ .. . . tourmaline is not a simple — or single — mineral species but rather 
a complex isomorphous group, With an extremely elastic formula and possessing 
a series of very sensitive morphological characteristics which reflect very closely 
both the ontogeny and phylogeny of each grain and thus can act as excellent 
guides to the origin and history of each tourmaline grain and conseguently of 
the sediment in which these grains are found” (18, p. 77). 


Tourmaline constitutes a small fraction of the heavy mineral concentrates 
studied, varying from 2 to 11% in the Witteberg and Bokkeveld sandstones, but 
reaching 15% in the T.M.S. Despite its scarcity it is always present in the form 
of characteristic varieties, the careful description of which is intended to 
facilitate subseguent correlation and the determination of the provenance of 
these sediments. Four main types of tourmaline were recognised, namely 
(a) brown tourmaline, '(b) green tourmaline, (c) blue tourmaline and 
(d) colourless tourmaline. It is clear from 'Table III that brown tourmaline 
slightly predominates over the green type, while blue tourmaline is rare, and 
the colourless type is still more so. 


447 


(a) The Brown Tourmaline: This type is represented by several varieties, the 
colours of which grade into one another imperceptibly. Differentiation into 
three varieties on the basis of pleochroism was, however, possible: 


(d) f c — light brown 
1 w — purplish-brown to black 


G) fe — light brown 
1 w — dark brown 
(iii) f € colourless 


1e light brown or dark brown 
The refractive indices, measured with immersion oils, are practically the 
same for all these varieties: 


-— 1.6210 4.0025 


o — 1.6500 4 0025 


The double refraction, measured separately (Michael Levy), amounted to .03. 

Every possible gradation of rounding of the tourmaline was noticed, but on 
the whole they are badly rounded, especially so in the First Bokkeveld Sandstone. 
Crystal fragments show straight prism faces, usually with parting surfaces at 
both ends, although now and then pyramidal faces were observed to terminate 
the crystals. It is noteworthy that the brown tourmalines nearly always retain 
at least some vestige of the original crystal form, which shows that these must 
have been of microscopic size, and that the grains were not produced by 
fracture of larger crystals. 


a b 


FIG. TIT 


(a) Green tourmaline with rodlike inclusions along the centre X 290. 
(b) lLight-brown tourmaline with characteristic opadue inclusions X 190. 


A useful diagnostic feature of some of the brown tourmaline is the 
characteristic inclusions and their arrangement in the crystals. Variety () 
contains a few inclusions which are usually in the form of bubbles or may be 
irregular and opague. No definite arrangement could be made out, and many 
grains are dguite clear. Varieties (ii) and (iii) may be treated together, 


(ed 
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possessing very much the same types of inclusions. A large portion of the 
grains enclose transparent and smooth, irregular bubbles of very low refractive 
index and varying sizes. Large bubbles are the most common and show a 
very definite elongation along the direction of the c-axis of the tourmaline. A 
large bubble measured .056 mm. across, which is almost half the diameter of 
the crystal. Another easily Trecognisable variety has only black, opadue 
inclusions with much the same form as the bubbles just described (Fig. II, b). 
They always show concentration towards the core of the crystals and are 
strongly aligned parallel to c. As a rule the rims of the crystals are duite 
clear, or they may enclose a few outlying inclusions. 'The sizes of the inclusions 
vary from microscopic to submicroscopic. Rarely small transparent bubbles 
and rods are concentrated in the centre of a crystal. Only once a black 
inclusion of stout prismatic habit was seen, and only one crystal also, with 
pleochroism from colourless to light brown, which was entirely crowded by 
irregular black inclusions, distinct from those described. 

(b) The Green Tourmaline: Green tourmaline is common in the concentrate, 
and differs from the brown variety in that it more seldom displays crystal form 
and only rarely shows any arrangement of inclusions. Large fragments of 
irregular shape, rounded to almost any degree, are typical, and were probably 
derived from larger crystals than the fragments of brown tourmaline were 
derived from. Probably more than one variety are present, according to the 
following pleochroism formulae: 


OD fe — light yellowish-green 


lo — dark green or dirty green 
(ii) ] c — colourless or very light brown 
lo — dark green or dirty green or brownish-green 


Refractive indices were determined with immersion oils: 
ol — 16500 4 0025 


es 16260 4 .0025 


Strings of bubble-like inclusions of low refractive index and long rodlike 
inclusions, confined to the centres of tourmaline crystals, are arranged 
approximately parallel to the c-axis (Fig. II, a). Otherwise irregular, transparent 
or irregular and regular opadue inclusions are dispersed at random through 
the grains and may reach considerable dimensions. A large number of the green 
tourmaline grains are clear of inclusions and are of irregularly fractured form. 


(c) The Blue Tourmaline: Blue tourmaline is scarce in all the concentrates. 
but nevertheless occurs in traces throughout. 'The grains characteristically lack 
any Crystal form and are always badly rounded. Such fragments are typically 
those yielded by pegmatites and vein rocks, being derived from large crystals 
(18, p. 68). TInclusions, only rarely present, are in the form of irregular 
transparent bodies and opague dust. Only one variety seems to be present, with 
pleochroism and refractive indices as follows: 


DI light blue 
w — dark blue 
e s 1.6354 4 .0025 
w s 1.6649 4 0025 


449 


(d) Colourless Tourmaline: Only a few grains of colourless tourmaline with 
irregular opadue and transparent inclusions were observed. 


(e) Zoned Tourmaline: In a few grains zoning could be discerned, or perhaps 
new growths upon older, idiomorphic crystals. Brown cores with green or blue 
mantles were rarely seen. 'These grains proved to be slightly bi-axial. 

From the foregoing it is evident that several varieties of tourmaline are 
present in the sandstones studied, difering in colour, internal morphology and 
rounding. It is therefore possible that they were derived from different source 
areas and were eroded at different times under different tectonic conditions. 
Actually the position may have been simpler, but in any case a heterogeneous 
provenance is indicated, and when it is kept in mind that tourmaline is one 
of the most wear-resistant minerals, having a resistance coefficient of from 
850 to 950 compared to 245 for guartz (18, p. 66), it is clear that distances of 
transportation for different grains varied greatly. 

Following Krynine (18, p. 68), probable sources of derivation of the brown 
and green tourmaline are large granitic plutons or pegmatised injected 
metamorphic terranes. 'The former source is indicated for the tourmalines 
with large bubbles as inclusions, and the latter for those with opadue inclusions. 
The fragments of blue tourmaline were probably derived from pegmatites, being 
parts of much larger crystals. 'These types of provenance are called for 
because the tourmalines as a group show very weak rounding and it is more than 
possible that some of them at least are in their first sedimentary cycle. 


Brookite 


This mineral occurs sparingly in the lower Bokkeveld beds, but increases in 
aAbundance towards the top of this series to attain a percentage freduency of 
20 in the lower Witteberg beds. 'The mineral is important in so far as it is 
rare, and it should be an excellent guide to the provenance of these sediments. 

The brookite from the Bokkeveld Series possesses much the same crystal 
form as that figured by Sigrist (33, p. 127, Fig. 22), especially the rare crystals 
found in the four lower sandstones. 'They are tabular parallel to (100) with 
well developed prism, bi-pyramidal and subordinate pinacoidal faces. Measure- 
ment of the interfacial angles on the Universal Stage showed that the faces 
are most probably the forms 4110 d 100 b, 4010 b 4001 and 4122 t. Infreguently 
a subordinate additional form was observed which is probably 4021 Pe Crystals 
from the Witteberg sandstone have a somewhat different habit. On these 
erystals (001) is well developed, and the forms 4122 and 4021 are small or 
absent (Fig. IV, a, €). 'They resemble the rectangular outlines figured by 
Rastall (25, Fig. I, b and c) and Lindsey (19, Fig. 2). 'This change from 
pyramidally terminated to basally terminated crystals is not rapid but gradual, 
and makes itself manifest from one concentrate to another, taken from 
stratigraphically higher and higher horizons. 

Grains of both habits are characteristically striated on (100) parallel 
to ce, along the length of the crystals (Fig. IV, c). Rarely striations are also 
parallel to other faces, and in this way reveal the habit of the mineral at a 
certain stage of growth (Fig. IV, c). According to Sigrist the striations are 
due to uneven outbuilding of the (100) faces during the growth of the crystal. 
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This takes place in the form of lamellae stretched in the direction of the 
c-axis and bounded by crystal planes, or, seldom, by vicinal planes (33, Fig. 28, 
p. 128). Some of the grains are very feebly striated, and occasionally these 
lines can only be discerned with difficulty. 'The basal faces are rarely even, but 
are interrupted, and usually consist of two or more planes separated by low 
steps formed by the pyramidal faces (192) (Fig. IV, a). Only a few doubly 
terminated crystals were found with elongation indices of 1.5, and these seem 
to be more abundant, relatively, in the lower Bokkeveld beds. As a rule the 
Crystals are uneven and opadue at one end, and freguently groups of them 
radiate irom this opadue material. 


@ d 


BEG TM 


(a) Brookite showing large basal pinicoid and difficult basal cleavage X 480. 
(b) Brookite displaying typical crystal form X 450. 

(c) Brookite showing habit during growth on (100) face X 430. 

(d) Brookite. 'Twinned? X 475. 


Measurements show that the brookite grains are small compared to the 
other mineralis, but that they vary in size (Table V). A few very fragile erystals 
were observed to be embedded in a duartz grain. 'This is possibly a primary 
structure. 
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Cleavage traces on crystals and crystal fragments are rare, but were 
occasionally seen to be parallel to the base. If cleavage traces parallel to the 
base or brachy-pinacoid exist, they are obscured by the striations on (100) 


planes. It is evident, however, from the conchoidal fracture that the cleavages 
are poorly developed. 


Tt is noteworthy that all the grains show crystal faces which are more or 
less sharp, or when fractured, are angular. No well rounded grains were observed 
and except for slight rounding of the cerystal edges and corners, the grains are 
unaffected by abrasion. The (100) faces are always smooth, but for the striations 
across them. 'This phenomenon has been commented upon by Rastall (25, p. 440): 
“Tt is perhaps worth mentioning, though the significance is not clear, that 
brookite erystals in sediments are never really rounded, although they are not 
specially hard and possess poor cleavages.” But it may perhaps be explained 
by noting the relatively low specific gravity, 38.87-4.08 (5, p. 501), of brookite, 
combined with the extremely tabular habit of the mineral Such fragments 
will adhere more strongly to a bottom subjected to current action than 
eduidimensional fragments, and when brought into saltation will be carried 
farther without dropping to the bottom. 


In contrast to the material examined by Sigrist (33) the brookite from the 
Bokkeveld and Witteberg sandstones is of relatively light colour. 'This is most 
probably due to a weaker adsorption of foreign material, although such 
adsorption seems to be present, especially in crystals from the Bokkeveld 
Series. 'There seems to exist a close relationship between crystal form and 
adsorption, as was also noted by Sigrist (33). (Crystals terminated by large 
bi-pyramidal faces commonly show effects of colouring, whereas those of 
rectangular form usually have a uniform colour. 


Coloured parts are yellow or blue, and although the shades of colouring 
are faint, it can occasionally be seen to be related to the crystal form. 'The blue 
parts. of a few well-preserved crystals doubtless define the -—122— and —O001—- 
growth-zones, the “Wachstumsbereichen” of Sigrist. In one instance only could 
the -—001—- growth-zone be traced to the centre of the crystal by way of the 
blue pigment, and the form of the coloured parts resembled the “Knotenform” 
of Sigrist (33, p. 148, Fig. 34, 2). Sometimes, however, the blue areas seem to 
have no relation to crystal form or growth, being irregular with badly defined 
edges. In contrast the yellow-coloured parts constantly show crystallographic 
Orientation. 'They are in the form of bands of constant width normal to the 
c-axis, more or less in the centre of a crystal. Only one band is present on 
each crystal, and if it was related to the —O010- or -—110- growth-zones, one 
would expect them to broaden out to the full width of these faces. 'This is 
not the case Rastall (25, Dp. 436) describes brookite crystals from the Dogger 
sandstone having such an “unusually pale yellow colour”. These crystals are 
elongated parallel to the b-axis, which is also the optical direction #. 'The 
yellow bands just described may perhaps signify such a habit of the prookite 
during its erystal growth, with this difference that the axis b, parallel to the 
elongation of the bands, is in this case the optical direction a. 

A crystal fragment was noticed in which the striations run in two 
directions, suggesting a twinned relation. But it is probable that this is only 
an instance of crystals radiating from a common centre (Fig. IV, d). 

The optical properties of the brookite examined are essentially those 
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mentioned in textbooks, and optical anomalies of the kind mentioned by 
Sigrist (338) are, if present, too feebly developed to be recognisable. 'The grains, 
as a Tule lying on the large macro-pinacoid, do not show extinction in 
convergent light. A vivid blue, purple or red interference colour under crossed 
nicols is characteristic, as is also the interference figure in convergent light. 'The 
axial planes for yellow to red and blue to green light are mutually perpendicular, 
both being normal to (100). For red light the figure is parallel to (001). 'The 
change in position of the axial plane has been shown by Sigrist to be gradual. 
For sodium light the optic axial angle 2Vy, as determined with the Universal 
Stage, is 16”, which corresponds closely to the value obtained by Sigrist 
(33, Fig. 42). 'The orientation of the optic axial planes is also similar in the 
two instances. 

Crystals of . bi-pyramidal habit dominating the brookite #fraction in the 
lower Bokkeveld beds differ markedly from those in the Witteberg beds. 'Their 
colour is a very paie yellowish-green and is often not even noticeable. 
Pleochroism is slight, and only a somewhat darker hue of the same colour is 
transmitted when the light vibrates parallel to c. 'The coloured parts of these 
crystals show stronger pleochroism, as follows: 


6 — blue and # — bright yellow 

a — greyish-blue , o— pale yellow 

Coloured parts show lower interference tints under crossed nicols, but eztinguish 
normally in sodium light. 

The rectangular crystals so common in the Witteberg sandstone have, in 
contrast to the bulk of the brookite from the lower Bokkeveld beds, an even 
distribution of colour which is of a characteristic yellowish tint. It is slightly 
pleochroic, with 

B — greenish-yellow 
a — light yellowish-green 
and has absorption B— a. 


Alteration of the brookite along cracks is common. One grain was seen to 
be very uneven and reddish-brown in colour on one side. A yellow band entering 
the red part suifered lowering of double refraction, except for a narrow strip 
along the centre of the band. 'This strip broadens out to both ends, producing 
an hourglass structure parallel to b. 


A few grains of brookite were heated in an electric oven to 900%. for four 
hours. After this treatment they were again viewed under the microscope. 'The 
yellowish-green colour had vanished, and the grains were now brown and 
semi-opadue. 'They retained none of the properties of brookite, not even the 
characteristic striation, and appeared to be very finely crystalline, like some 
of the material described by Sigrist. According to him this new mineral is 
rutile in the form of very small crystals orientated more or less at random 
(33, p. 172, Fig. 48). A comparison of the crystal structures of brookite and 
rutile with respect to the [001] and [093] directions respectively, shows that 
a simple transfer of half of the Ti-atoms is necessary to transform one grid 
into the other (33, p. 175, Fig. 45). The alteration as observed by Sigrist points 
to a slow shifting of the Ti- and O-atoms, one by one, or in small groups, to 
fit the rutile grid. 
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Tt is clear, from the foregoing, that there is a gradual change in the optical 
and physical properties of the brookite from the First Bokkeveld Sandstone 
to the base of the Witteberg Series. The mineral was not found in concentrates 
from the top of the T.M.S., and it is doubtful whether the few grains described 
by Conradie and Rabie (3, p. 117) were derived from this series. 


The introduction of brookite at the base of the Bokkeveld Series may 
therefore indicate (i) the exposure in the provenance of these sediments of the 
host rock or rocks containing the brookite. Alternatively it may (ii?) mark 
the introduction of a new or subsidiary provenance or the enlargement or 
change of the hitherto existing one. (ii) Tt has been suggested by Milner 
(20, p. 254) that when brookite is abundant in sediments it is probably 
authigenic. But this mode of introduction will not be considered, for although 
signs of abrasion are subordinate to fracture surfaces and crystal form, they 
are nevertheless present and their general suppressed nature has to some extent 
been explained. Furthermore, no signs of the transformation of rutile into 
brookite were observed. 'This leaves the origin of authigenic brookite 
unexplained. 


The two other modes of introduction are probable. 'This view is 
strengthened by the fact that brookite steadily increases in abundance from a 
trace at the base of the Bokkeveld Series to a freguency of 20% of the heavy 
minerals at the base of the Witteberg Series, and this increase in abundance 
is accompanied by a change in the physical and optical properties of the 
mineral—a change which proceeds from abnormal development of the brookite 
to the perfectly homogeneous mineral. 

Abnormal colours like those described above have not, as far as could be 
ascertained, been noticed before. It is considered probable that crystals showing 
such heterogeneous colouration were derived from contact zones of the host 
rock where changes and variations in the physical and chemical conditions of 
the magma would have existed. Following Milner (20, p. 254) a provenance 
of acid plutonic or crystalline metamorphic rocks is favoured, for it is evident 
that the brookite is in its first sedimentary cycle. 


Monazite 


The distribution of monazite in the samples studied is more or less parallel 
to that of brookite. In the lower Witteberg beds, however, it dwindles to a 
trace, and is found in the upper T.M.S. where brookite is absent (Table IID. 
The two minerals do not seem, therefore, to be very closely related. 

The presence of monazite was only discovered after immersing part of a 
composite concentrate in dimethyl-di-iodo-arsene-a-monochlor-naphthalene 
mixture of refractive index 1.8. 'The grains show a pale greenish-yellow colour 
in ordinary light and slight pleochroism, with 


a — light yellow 
B — greenish-yellow 


They are characteristically rounded, but retain a tabular form, causing them 
to lie with their greatest diameters horizontal. 'The flattened form is probably 
due to the tabular habit of the mineral, or the distinct (100) cleavage (5, p. 700). 
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Only two directions of cleavage could be recognised: one parallel to the slow 
direction, which is distinct, and another difficult cleavage perpendicular thereto 
(Fig. V, b). 'These are the directions (010) and (001) respectively. 'The grains 
are elongated parallel to c with an average elongation index of 1.3-14. Rarely 
indices as great as and near to 4.0 are met with. The good rounding of the 
monazite relatively to the other minerals is probably due to its intermediate 
hardness and high specific gravity (20, p. 314). 


BIG. V 


(a) Monazite with black inclusions X 260. 
(b) Monazite, well-rounded, showing cleavage X 245. 


When in the horizontal position these #flattened grains display flash 
figures, high interference tints, pleochroism and weak absorption j'—a. The 
extinction v/c— 81”, and the axial angle 2V— 131* (Mallard method). 'The 
refractive indices are: 


a — 1.8098 1 .0025 
1.8500 4 .0025 


I 


Most of the grains are clear, but inclusions are present in the form of 
irregular, transparent bubbles or ceavities and irregular opadue inclusions of 
dust-like and larger dimensions. When transparent, the inclusions are usually 
bunched towards the middle of the grains and when opadue, dispersed 
through the entire grain (Fig. V, a). Once a core, probably a rounded zircon, 
was observed. 

According to Mackie, monazite is a common accessory mineral in the 
granites of Scotland (14, p. 196). Milner gives possible sources of derivation 
as “acid igneous rocks, especially granites” (20, p. 315), and Iddings refers it 
to granites and granitic gneisses (15, p. 580). 


Xenotime 


A few grains of this mineral were observed in a combined concentrate when 
it was immersed in a liduid of refractive index 1.72. 'The grains are well 
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rounded, no crystal faces or edges remain. 'The mineral is characterised by a 
very high birefringence and distinct dispersion of the optic figure, which is 
positive. A bluish fringe lies on the side of the isogyre facing the centre of 
the field in the diagonal position. 'The opposite side in the same position has 
a red fringe. 'The extinction is straight, and pleochroism slight, from light 
brownish-green to yellowish-green. 'The refractive indices are: 


— 100 
— 1.8200 


0025 


TE 
# 0025 

Iddings and Milner suggest as possible sources of derivation granites, pegmatites 
and intermediate rocks (15, p. 531; 90, p. 3853). 


Feldspar 


The upper few hundred feet of the T.M.S. is conspicuously feldspathic, even 
macroscopically, and grains of feldspar are by no means rare in the sandstones 
of the Bokkeveld Series. 'The grains of feldspar are perfectly fresh, showing two 
good cleavages. 'They are typically angular. Acid plagioclase and microcline 
seem to be egually abundant. 'The microcline shows a very fine cross-hatched 
structure, 


According to Holmes (14, p. 183) microcline is the most resistant feldspar 
towards weathering, while plagioclase alters more readily, and fresh feldspars 
are said by Mackie (14, p. 181) to imply arid or glacial conditions. 


Mica 


Sericite is abundant throughout the Bokkeveld sediments as a secondary 
mineral, especially in the more shaly horizons. It occurs in the concentrates as 
thin basal flakes with large inclusions, probably gas- or liguid-filled cavities. 

Biotite is present in the First Bokkeveld Sandstone, and is seen in all 
stages of alteration into chlorite. 'The only inclusions observed are sagenitic 
intergrowths of rutile. 


Hematite 


'The occurrence of hematite is strictly limited to the Witteberg sandstone. 
The grains are always in the form of wedge-like splinters with radiating 
structure, most probably fragments of spheroidal masses broken during the 
crushing of the material. In transmitted light their colour is reddish-brown, 
and under cerossed nicols only the fibres parallel to the cross-hairs extinguish. 
The mineral is most probably of secondary origin. 


O@uartz 


The guartz grains constituting the bulk of the sandstones are highly angular 
and have frosted surfaces. Grain-size varies widely in one and the same 
slide, and poor sorting seems to be the rule. 
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The inclusions present in the dguartz may be classified according to Mackie 
(14, p. 178) as follows: 


N: Inclusions absent or very minute. 
R: Regular inclusions such as zircon, iron ores and micas. 


I: Irregular transparent inclusions arranged in streams, clusters, or 
scattered irregularly. 


A: Aeicular inclusions. 'These are abundantly present and consist of very 
long, fine needles showing as black lines, or they may be colourless. 


Following Mackie, this dguartz may suggest a provenance of schists or 
gneisses, or dguartz-bearing igneous rocks, or both. 

Disregarding the shape of the inclusions, four varieties of duartz may be 
readily recognised: 


(1) @uartz in which the inclusions are scattered irregularly, feebly aligned 
in streaks or concentrated in clusters, resembling the ordinary duartz 
of igneous rocks. 


(29) @uartz in which the inclusions are very strongly aligned, giving the 
grains a streaked appearance. 


(38) Cryptocrystalline duartz, resembling under the microscope the texture 
of chert. 


(4) Euhedral crystals of secondary, authigenic duartz. 


A provenance of igneous, metamorphic and sedimentary rocks is therefore 
indicated by the duartz grains of the sandstones, and the same conclusion may 
be reached by studying the pebbles contained in the upper T.M.S. in this area. 


MEASUREMENTS CONDUCTED ON THE ZIRCON 


Length and breadth measurements were conducted on unbroken zircon 
grains from each concentrate, and these measurements were used to prepare 
two diagrams. 'The procedure was followed with the object of finding whether 
any cyclic changes of transport, deposition or provenance could be detected 
within the Bokkeveld sandstones, and comparing the diagrams for the three 
series involved. Such diagrams could perhaps also be used to compare with 
those of Lamont, obtained for rock masses, detritus from which probably 
contributed towards the material of the Cape System in this area. 

Measurements were conducted on the same slides that were used for 
counting. A micrometer stage ensured the measurement of all the unfractured 
grains, irrespective of size. A micrometer eyepiece was used. 


Elongation Index Diagrams 


From the measurements made the ratio length : breadth for each grain 
was computed to the nearest first decimal place, and the freduency of the ratios 
for each sample counted. 'These data were conseguently represented by a curve 
on axes of a suitable scale. With the abscissa representing elongation index 
(length : breadth ratio) and the ordinate representing freguency, three 
consecutive values of freguency, say those for 10, 11 and 19, were added 
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together and the value obtained plotted on the 1:1 ordinate It was found 
that by taking three values together in this way, a very smooth curve resulted. 
Approximately 350 zircons from each sample were measured, 

In Fig. VI these diagrams are shown on the same scale and in the correct 
stratigraphic order of the formations which they represent. For the TM.S. and 
the Witteberg sandstone there is one curve each. For each of the Bokkeveld 
sandstones there are three curves, on the same grid, one for the lower, one 
for the middle and one for the upper phases. 'These diagrams ShOW, 
approximately, the freguency distribution of zircons of various elongation 
indices within each sandstone horizon. 'They may also serve to bring out 
whether zircon from one and the same, or different, sandstone horizons have 
suifered the same or widely different histories of transportation. It is, however, 
recognised that the ultimate form of a zircon grain depends on both its 
physical properties which are a function of its provenance, and the processes 
of denudation and transportation to which it has been subjected. Caution 
is therefore essential for the interpretation of the diagrams. 

Allowing for the many and variable factors which may have infiuenced the 
form of the zircon grains in these sediments, and taking into account that 
many divergent zircon varieties are treated as a group, the following remarks 
seem justified: 


(1) Zircon from the TMS. shows a high freguency of grains with an 
elongation index 4 1.4. 'This is remarkable when compared to a similar 
diagram drawn up for zircon from the base of the T.M.S. at Botmanskop, 
Stellenbosch (3, p. 114), which shows a maximum at 415. A 
subordinate bulge of the curve lies at 4 2.8. 

(2) The curves for the First and Second Sandstones of the Bokkeveld Series 
are almost exactly similar, showing two peaks always lying on 
practically the same respective ordinates. 'There is a regular change, in 
both cases, from the lower to the upper phase of the sandstone. In 
the lower phases zircons with elongation indices of 1.5 have the 
greatest freguency, while in the upper phases this is true for zircons 
of elongation index 2 1.8-1.9. Subordinate bulges at higher values are 
present on the curves, and show exactly similar variations in the 
two diagrams. 

(3) For the 'Third, Fourth and Fifth Bokkeveld Sandstones no similar 
rhythmic variations are indicated by their respective diagrams. Bach 
of these curves shows only one peak, the direction of shift of which, for 
corresponding phases, is the same from one sandstone to the next. 'There 
are no marked variations from phase to phase, or from one sandstone 
to another, and the maxima fall between 1.7 and 1.9. 


(4) The curve for the Witteberg sandstone resembles those of the Fifth 
Bokkeveld Sandstone below it, except for a rather prominent bulge 
approximately midway between 2.0 and 38.0. 


Fig. VII A shows a series of generalised elongation index curves in the 
correct stratigraphic order, the maxima of which shift steadily from 1.4 for the 
TMS. below to 1.75 for the Witteberg sandstone above. 'The similarity in 
the form of the curves is striking, except for that of the First and Second 
Bokkeveld Sandstones which again show two maxima each. 
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Fig. VII B shows curves of the same type, on the same scale, drawn by 
Lamont for the pink gneisses of Moedverloor and Kakamas. 'Two of the curves 
resemble those of the three upper Bokkeveld sandstones and the Witteberg 
sandstone most closely, having their maxima at 418. 'The third curve of 
Lamont has two maxima, but does not resemble the curves of the First and 
Second Sandstones, the maxima of which are much closer together. Its 
left-hand peak, however, is in line with those of the former Ccurves, and its 
right-hand peak corresponds more or less in position to the subordinate 
bulges of these curves. 
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BIEG VIl B 
Elongation index curves of the pink gneisses of the Moedverloor area (after Lamont). 


Size Distribution Diagrams 


On the left-hand side of Fig. VI another series of diagrams are shown. In 
these diagrams the size in millimetres of each measured grain is shown by 
plotting on the abscissa and ordinate, length and breadth respectively. Bach 
dot represents ihe size of a grain, and each diagram contains 120 dots. 
According to Smithson (34, p. 3852) 100 readings usually suffice to give the 
Outline of the field. 'Two lines were drawn on each diagram, enclosing fields of 
limited minimum densities of points. 'The outer line encloses a field of low 
minimum point density; the inner line encloses a field of high minimum point 
density. 'The three lines radiating from the origin represent, from left to 
right, the breadth-length ratios 1:1, 1:2 and 1: 3.5 respectively. From these 
diagrams we observe: 

(1) Zircons of a large range of sizes are present in the upper T.M.S. and 
they are slightly more rounded than those from the Bokkeveld 
sandstones. 'The field of high density lies above the 1:2 line, and 
that of low density does not touch the 1: 3.5 line. 


(9) The zircons from the First Bokkeveld Sandstone are of small size and 
are better sorted in the lower than in the upper phase. 'The small 
size is evidently due to the fact that this is a very fine-grained, muddy 


sandstone. 
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(3) The line 1 : 2 passes through the high-density fields of all the Bokkeveld 
sandstone diagrams, and also through that of the Witteberg sandstone, 
but as a rule the greater part of this field lies above the 1:2 line, 
especially in the Fifth Bokkeveid Sandstone. 

(4) The low-density fields for the Bokkeveld and Witteberg sandstones are 

bounded by the line 1: 3.5, across which they seldom transgress. 

The zircons from the Witteberg Series cover a large range of sizes, like 

those from the TM.S., but the large zircons are much less rounded 

than those from the T.M.S. 

(6) These diagrams resemble, in position towards the 1:2 line, similar 
diagrams drawn by Lamont for the pink gneisses of Moedverloor. 


(5 


— 


The diagrams of Figs. VI and VII do not show marked variations in the 
average form of the zircons present in the TM.S., Bokkeveld and Witteberg 
sandstones. 'They rather point to a gradual change from one horizon to the 
next. Rounding of the zircon grains becomes less and less marked upwards 
in the succession, and it is clear that those from the T.M.S. suiffered noticeably 
more than the rest from transportation. Grading is closer in the Bokkeveld 
sandstones than in either the Witteberg or Table Mountain sandstones. In 
the two lower Bokkeveld sandstones two distinct types of zircon seem to have 
Suffered similar changes in relative abundance, and may represent cyclic changes 
during the deposition of the sediment. Similar cyclic variations are not indicated 
for the rest of the sandstones. 

Comparison of the diagrams with those of Lamont shows that the pink 
gneiss of the Moedverloor area, or rocks of a similar nature, may have furnished 
the detritus, or some of the detritus, constituting the sediment of the rocks 
of the Cape System in the west. 


V. THE DEPOSITION OF 'THE CAPE SYSTEM IN 
THE WESTERN CAPE PROVINCE 


“To me the interpretation of a sedimentary formation is 
essentially a problem of recomstructing environment as Fully 
as possible and then deducing the physical, chemical and 
biological processes that were taking place at the time.” 


— W. H. BRADLEY. 


An attempt will now be made to reconstruct, by assembling the information 
listed in the previous pages and that gained by earlier workers, the environment 
or environments in which the rocks of the Cape System present in the Western 
Cape Province were laid down. Valuable information to this end is furnished 
by the thicknesses of the rock-units themselves, the material of which they are 
composed, fossil marks of organic and inorganic origin which they contain, the 
floor upon which they rest and their relation to the Succeeding sediments. 
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THE PRE-CAPE FLOOR 


In post-Witwatersrand times the largest part of the present African 
Continent south of the Congo appears to have subsided beneath the ocean, after 
having been planed down to a remarkable degree in the south. Upon this 
drowned surface was deposited a thick succession of sedimentary rocks which 
is locally known as the Transvaal and Nama Systems (8, p. 491). These rocks 
were subseguently folded and intruded by plutons. Following upon the 
diastrophism which brought the rocks above sea-level was a long period of 
Crustal stability during which fluvial erosion degraded the surface between 
Van Rhynsdorp and Natal to a peneplain sloping southward (8, p. 496), and 
perhaps in the west. south-westward to westward, to beyond the present limits 
of the land. In Natal there remained hilly ground and isolated ranges in 
Transvaal and Grigualand West (8, p. 496). Fossil rivers which once drained 
this old land have been found in the northern parts. 

Epeirogenic movement slowly depressed the peneplain so that the sea 
invaded it from the south and the waves wore it down to an almost plane 
surface (8, p. 206). Since the depth of sub-aerial weathering on the land was 
shallow (36, p. 21), the movement must have been slow for marine erosion to 
accomplish this work, and the time involved considerable. 


THE DEPOSITION OF THE TABLE MOUNTAIN SANDSTONE 


In the south-west the first deposits made below the water of this 
transgressing sea consisted of fine sand and even mud. (It came to rest 
discordantly upon the older planed-down sediments of the Pre-Cape Systems 
and the rocks intrusive therein. No conglomerate marks the surface of 
unconformity, except for isolated patches such as those at Piekeniers Kloof 
and Priem's Bay (29, p. 41), and only isolated pebbles and thin arkoses are 
present over parts of the granitic fioor (8, p. 206). 

The enviroiment in which these basal beds of the T.M.S. were laid down 
made its impress on the sediment in the form of various primary sedimentary 
structures [Chapter II (a)1. At Piguetberg the lower shales are mud-cracked, 
and together with the associated sandstones extensively ripple-marked (28, p. 155). 
The beds overlying the contact at Stellenbosch are also ripple-marked, and 
cross-bedded units as a rule have small vertical development. A sacdflow 
structure from the same locality is considered to have been formed by water 
seeping out 012 a steep, sandy slope when the beds were exposed to the air. It 
could certainly not have formed below a cover of water. 

In the face of these facts the following conclusions seem inevitable: the 
basal beds of the TM.S. in the Stellenbosch and Pidguetberg areas were from 
time to time exposed to the air, and when inundated, symmetrical] ripple-marks 
and cross bedding developed on and in the sediment respectively. If the 
interpretation of the structural marks is correct, these deposits were made in 
the littoral environment. It has already been shown that the surface on 
which deposition took place was very even, being a platform carved by the 
sea on an old land surface. It is therefore reasonable to assume that, if the 
deposits at Stellenbosch and Piguetberg were made in the littoral environment, 
corresponding beds in the Western Province and as far north as Stink Fontein 
were laid down in the shallow neritic and littoral environments. This statement 
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will be better understood on a study of the configuration of the continental 
shelf in the pages that follow. 

Above these basal beds there follow in the south-west more than 2,000 feet 
of gritty, arenaceous deposits which are often conglomeratic, nearly always 
cross-bedded and steadily coarsen northwards (8, p. 209). This forms the 
main sandstone horizon of the TM.S. According to A. L. du Toit (8, p. 214) the 
material building this series was derived from “land to the north”, denudation 
of which was active, meaning, it is presumed, that the sediment was transported 
by rivers towards the sea. Here they were spread out in “a great alluvial 
deposit many times larger than the delta Sf the Ganges”. He describes the 
surface of deposition as a plain which was continually flooded. Such a manner 
of deposition is not in accord with his earlier statement that the continent 
was worn down to a peneplain before the deposition of the sandstone (8, p. 206). 
The land bordering the peneplain must have been in the old or at least late 
mature stage of physiographic evolution. Rivers draining, or passing through 
it, would be unable to transport material as coarse as that building the 
TMS. Furthermore, it has not so far been illustrated that the primary 
structure of this deposit conforms to that of a delta, and if currents in the 
water body were so strong as to be able to transport the large pebbles present 
in the sediment, it is doubtful whether a mature or old river could have 
delivered more sediment than could be handled by these currents. 

Du 'Toit reasoned that the post-Waterberg—Matsap orogenic movements 
may have created the high land from whence came the coarse sediments 
which build the T.M.S. (8, D. 496). That the epeirogenic movement which led 
to invasion of the southern peneplain by the sea in early Cape times blended 
With orogenic movements of post-Waterberg—Matsap age far inland is duite 
possible, but effects of mountain building have hitherto not been shown to 
have affected the region of deposition. In other words, it has not been proved 
that mountains existed near enough to the area of deposition to have supplied 
the gritty sediment of the T.M.S. In this respect it is important to keep in 
mind that “distance from sites of deposition need not be great to eliminate 
the coarse sediments” (36, p. 22). 'Twenhofel duotes as example the Fraser River 
“which leaves the mountains about 50 miles from the sites of deposition over 
its delta, takes rise in high mountains, is fed by glaciers, but brings only fine 
“ediments to its delta, and from the sediments one might assume that they 
were derived from a region in late topographic maturity”. 

Another mode of origin for the sandstone must therefore be appealed 
to. Transportation by ice does not explain the rounded nature of the pebbles, 
and the only feasible explanation is that the TM.S. is a marine-produced, 
marine-transported and marine-deposited sediment. 'That marine erosion was 
active at the time, is testified to by the extensive wave-cut platform on which 
the sediment rests, and that a vast amount of erosion took place, follows 
from the thickness of the deposit, which is known to approzimate 5,000 feet 
in places. 

1t has already been shown that, as far as our present knowledge goes, the 
basal beds were deposited in very shallow water, and it will shortly be seen 
that shallow-water conditions also existed in subseguent Shale Band time. 
Since there is no evidence to the ccntrary, it is more than probable that the 
intervening sandstone was also laid down in shallow water. 

Marine currents at this time were strong, but their competencies fluctuated 
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between wide limits. Bands of pebbles and to the north even thin 
conglomerates, are numerous, while lenses of shale are not at all uncommon. 
Cross bedding developed on a grand scale. Probably the physical processes 
operative over the sea bottom were largely determined by meteorological factors, 
which would have a profound effect on the large film of shallow water. 

No marine or other fossils have so far been found in these beds. It is 
thought that climate, and especially its effect on the sea bottom, prevented 
animals irom entering the environment. 'The constant cross bedding boints 
to rapidly shifting sands and turbidity of the water. 

In the west and south-west of the Cape Province there follows upon this 
lower guartzite a deposit of mud, sand and pebbles. A study of this horizon 
in 1925 (12, p. 19) led to the following conclusions: the mixture of mud and 
striated pebbles is a boulder clay dropped into the water from ice-bergs and 
ice-floes. On the waxing of the ice-sheet on land it drifted out to sea, the 
water of which was of such a depth that the ice touched bottom, folding and 
ploughing the dropped detritus together with the unconsolidated sediment of 
the seafloor. 'The trend of the fold-axes and the grooves on the sediment 
indicate that the ice moved from a westerly direction. It is important in this 
respect to note the distribution of the boulder clay. It is present on Pakhuis Pass 
(8, D. 208) and at Wellington, Stellenbosch, Table Mountain, Michells Pass, in 
the Hex River Range and Swarteberg Pass. At the last named locality the 
boulder clay forms an insignificant part of the Shale Band, and as far east 
as Baviaans Kloof it does not exist. 'This, together with the decrease in 
thickness of the Shale Band eastward, points to a western centre of distribution 
Of the ice (Fig. VIID. 

Considering these facts, one is faced with the following conclusions: from 
the presence of boulder clay at Pakhuis, Wellington and 'Table Mountain it 
follows that if the ice moved from west to east, land must have occupied part 
of what is now the Atlantic Ocean. 'That the ice-sheet was of no great thickness 
over he above-mentioned areas is shown by the thin deposits of boulder 
clay. Nevertheless it grooved and folded sediment deposited below the profile 
of eguilibrium, which sets a shallow limit to the depth of the water. It 
should also be noted that for a given depth of water the thickness of the 
ice-sheet was limited, for it did not plane of the unconsolidated sediment 
regionally but merely touched bottom. 

The compact, unlaminated and unsorted nature of the boulder clay is taken 
to signify the temporary absence of strong currents, probably the result of 
damming of the water by the drifting ice-mass. According to A. L. du Toit 
conditions at this time were lacustrine. It is not clear exactly where this lake 
was situated, or what bounded it from the sea. If marine conditions existed 
up to the base of the Shale Band, there is no necessity of introducing lacustrine 
conditions at this stage. 

The glacial horizon is not known to be present in the Furnas sandstone 
0” South America, nor is there any evidence of contemporaneous erosion 
(7, p. 59). The highland whence the ice moved was therefore situated between 
the area of deposition of the Furnas sandstone and that of the T.M.S. 

The reason why the glaciers at this time descended to the sea is not 
known, but it is probable that it represents a period of low solar radiation 
more or less synchronised with the culmination of epeirogenic movements 
producing highlands of sufficient altitude to support glaciers. 
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Concordantly upon the Glacial Zone there follows in the Wuppertal area 
approximately 600 feet of sandstone resembling in appearance the main 
Sandstone horizon below. It indicates a return, after glaciation, of the conditions 
of deposition which existed before. The upper 200 to 300 feet of the TMS, 
however, differs from the rest both in structure and lithology. 'The rock is 
thin-bedded compared to that below it, and becomes shaly and feldspathic. 
Although the usual rounded pebbles are still present, they are of small sizes 
and less abundant than in the underlying rock. 'They are, though, accompanied 
by extremely angular fragments of milky auartz, banded chert and jasper, 
distributed haphazardly through the rock and of greatly varying sizes. As a 
rule they do not show the concentration along intermittent bedding planes so 
characteristic of rounded pebbles. 


Now if the southern limit of the Karroo dolerites is taken as the approzimate 
landward limit of the T.M.S. which is reasonable, these angular pebbles were 
deposited at least 35 miles from the shore of that time. The fact that the 
T.M.S. is here at least 3,000 feet thick supports this view. If these pebbles 
were transported by marine currents for 35 miles, they would have been 
well rounded like those with which they are associated. The most probable 
explanation is that the unsorted, angular rock debris present in these upper 
beds at Wuppertal was dropped over the bottom by drifting ice, which marks 
the end phase of the Shale Band glaciation and an amelioration of the climate. 

The appearance of feldspar in the sediment, at this stage, is rather 
unexpected, and presents the problem: if feldspar was presezt in the rocks 
constituting the provenance of the T.M.S., what became of that mineral during 
the deposition of the lower sandstones? If the conclusions reached so far are 
correct, it can now be said with a measure of certainty that the climate, at 
least during the deposition of the post-Shale Band phase, was cold and would 
have favoured the preservation of feldspar in the sediment, especially of 
microcline (14, p. 183). 'The only remaining factor which may have eliminated 
the mineral is transport. It has 'already been shown that transporting media 
in the water body had great competencies, and this, together with the good 
cleavages and low specific gravity of feldspar, would favour its division into 
small particles and its transportation in the form of mud far out to sea. 


The appearance of feldspar in the upper T.M.S. may therefore indicate either, 


(1) a lowering in competency of the transporting media, with a resulting 
decrease in distance of transportation and less freguent reshifting of 
the material. 'This possibility is supported by the predominantly small 
size of the rounded pebbles present in the rock; the disseminated 
distribution and highly angular nature of glacial detritus, which shows 
no re-transportation; the presence of thin, sandy muds; the relatively 
thin-bedded character of the rock, and the appearance of life, which 
shows that the bottoms became habitable; 


(2) or a change of provenance, wholly or partly due to transport by 
ice-floes. It is unlikely that this is the full explanation, for the feldspar 
is still present in the succeeding Bokkeveld beds; 


(3) or both of the above-mentioned causes may have been operative. 


466 

The contact of the series with the overlying Bokkeveld beds is sharp, and 
not transitional as was found to be the case in parts of the Baviaans Kloof 
(6, p. 81), Gamka Poort (4, p. 17) and west of Calitzdorp. At this locality the 
Bokkeveld Series is initiated by approximately 40 feet of brown, greenish-grey 
to white, and brown sandstone which rests conformably on the T.M.S. and 
Carries traces of crinoid stems. 'The fact that it is transitional at some places 
shows that the sharp boundary is a more or less local feature, or, conversely, 
that where conditions were favourable, a gradual change in the material 
deposited took place. 'The sharp contact at Wuppertal, which shows no effects 
of erosion, may be due to 


(1) the  dropping of coarse material by ice-floes which obscured the 
gradational transition; 


(2) non-deposition resulting from a change in climate or a change in the 
rate of subsidence, or a combination of these factors. A change of 
climate would have a marked effect on the transporting media in such 
a shallow sea (11, p. 209), and an alteraftion in the rate of subsidence 
would have an important bearing on the vertical factor in the capacity 
Of the basin (10, p. 181). 


A change of climate probably took place in upper T.M.S. time. Life appeared 
over the bottom, and for short intervals sandy mud was deposited. lce-floes 
which probably marked the termination of a period of glaciation on land, 
drifted out to sea. 

Seeing, however, that normal gradational contacts do exist at some 
localities, the contact in these parts is taken to indicate a diastem. 


THE DEPOSITION OF THE BOKKEVELD SERIES 


Continued sinking of the seafloor resulted in the deposition of the Bokkeveld 
sediments, predominantly fine in character and composed of an alternating 
suceession of sandstones and shales which completely lack the gritty nature 
of TM.S. 'This change in the nature of the material laid down is obviously 
a reflection of changes in the environment of deposition. 'The following is 
an attempt at reconstructing this environment. 


The Configuration of the Continental Shelf 


Before endeavouring to arrive at the conditions which prevailed during the 
deposition of the Bokkeveld beds, it is essential to know, roughly, what the 
configuration of the continental shelf was like in the area under consideration. 
The width of the shelf must have been large, considering the extent of the 
present outerops. The belt is 60 miles broad in the Clanwilliam area, 110 north 
of LAgulhas and 770 at Willowmore. Tf the southern limit of the Karroo 
dolerites mark the landward border of the 'TM.S. these figures become 
nearly twice as large. 

Of special importance is the form of the shelf in the north-west. It is 
reasonable to assume that the T.M.S. thins out beneath the Karroo strata east 
of Wuppertal. Northwards it thins out rapidly partly owing to erosion and 
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partly owing to the rather high slope of the floor, which approximates to a 
maximum of 5 in the vicinity of Wolve Punt.”) At Wolve Punt the sandstone 
is about 5 feet thick, 50 feet at Van Reenems Pass, 1,000 feet at Matsiekamma 
and at least 3,000 feet in the Cedarbergen (27, p. 87). 'Towards the west the 
thickness of the sandstone also decreases rapidly, and it probably thinned out 
altogether in less than 90 miles from the present coast.f) If this should be 
correct, the form of the area of deposition corresponded to that of a large bay 
with its deepest part structurally below the present Cedarberg Range, and the 
bayhead pointing north-north-westward (Fig. VIID. 


The Afttitude of the Continental Shelf 


TO determine in which environment the Bokkeveld sediments were laid 
down it is necessary to go back to the sediments themselves, for “each 
sedimentary product is a conseduence of an environment, and each environment 
is due to the combination of certain chemical, physical and biologic factors” 
(37, D. 168%). 

The physical factors operative during the deposition of the Bokkeveld beds 
left their mark on the sediment in the form of primary sedimentary structures . 
already referred to, and closely related to these marks are two imprints which 
are supposed to be of organic origin. 

At the base of the Second Sandstone marks were found, the origin of 
which it is difficult to explain unless they represent rain prints [Structure (j) 1. 
They difer from the rain prints of textbooks, it is true, but it should be kept 
in mind that the form assumed by such a mark is a function of the composition 
and compaction of the sediment, as well as the force of impact of the 
raindrops. Another mark from the same horizon resembles in detail the tracks 
made by gastropods on the wet, exposed parts of our present beaches 
[Strueture (vi) 1. In both cases the marks could only have been formed under 
exposed conditions on sediment not completely saturated with water. 

At the top of the 'Third Sandstone 'ijinterference ripple-marks were 
Encountered at two different localities [Structure (ii) 11. Following Twenhofel 
they are taken to indicate the action of small wind waves on the bottoms of 
shallow pools. Another structure from the same horizon is sand bubbles 
[Structure (ii)l1. They are commonly found on sandy beaches after the 
withdrawal of a wave which advanced over dry or semi-dry sand. Tt is essential 
for their preservation that the sediment becomes exposed for a time immediately 
after their formation. 

At about the middle of the Fifth Sandstone small crater-like holes are 
present at the top of a stratum. 'They resemble mussel blow-holes or 
worm tubes, and their preservation can only be explained if they were formed 
sub-aerially on wet sand. 

Oscillation ripple-marks are found thrcughout the succession of Bokkeveld 
beds in the Wuppertal area, and the association of wave sizes present is 
strongly suggestive of shallow water during the time of their formation 
[Structure (ij) 21. Cross bedding and current-marks are common in the 


*) Prof. Taljaard, verbal communication. 
1) Prof. Taljaard, verbal communication. 
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sandstones [Structures (iv) and (v)], and are conclusive evidence that currents 
continually operated during the deposition of the beds. 

It may perhaps be argued that a wrong or very improbable mode of origin 
has been assigned to more than one of these structures. 'The objection is 
granted if other explanations are found more appropriate. But it can hardly 
be argued that the forms ascribed to sub-aerial formation were formed under 
a cover of water, and what makes this statement all the more feasible is that 
more than one structure occurs at exactly the same horizon. 

Brief mention may also be made here of the mode of occurrence of the 
tumerous bi-valve fossils in the sandstones. 'They usually lie scattered on 
bedding planes, or are concentrated in small lenticular units at the same 
stratigraphic level, resembling the shells in small hollows on our present beaches. 


If these structures have been interpreted correctly, we are faced with 
the following conclusions: 


(1) They indicate that at least at three different periods the Bokkeveld 
beds of this area were laid down in the littoral environment. 'There 
is no indication whatever that during the intervening periods the water 
was deeper. Rather does the presence throughout the series of the 
same type of oscillation ripple-mark, and the same mode of occurrence 
of the fossils in the sandstones, show that the depth of the water 
remained the same. 


(2) Some of the structural marks are the fossils of very ephemeral 
features, and only optimum conditions could have effected their 
preservation. One such condition is obviously the absence of strong 
currents at the time of their burial, and for this very reason they 
are not expected to be abundant, considering the constant cross 
bedding of the sandstones. 


(3) Tides are shown to have been present by the short-time shifts of 
water level. If the sand on which some of the structures were formed 
was ieft to dry completely, the marks would have been obliterated. 'The 
freduent current-marks and cross bedding in the sediment testify to 
the existence of currents, probably tidal. 


(4) The surface of the tidal flats was not perfectly even. At low tide there 
remained pools in which interference ripples and symmetrical ripples 
were formed by wind action. 


(5) It has already been shown that the continental shelf of this region had 
the form of a large, open bay with its deepest part situated over the 
greatest thickness of the T.M.S. It will be noticed that these structural 
marks were found practically over this part of the bay, and it follows 
that at low tide all the water must have been withdrawn from this 
bay as far south as Wuppertal. Now if the shore of that time was 
situated more or less where indicated on Fig. VIII, it means that the 
horizontal tidal range to the east of Wuppertal was at least 40 miles, 
and to the north 80 miles. 


At first sight these figures do seem preposterous, for we have no modern 
examples of similar shallow seas. A glance at the map of Australia, however, is 
enough to show that the Great Barrier Reef is at places a full 100 miles from 
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the coast, the intervening area being covered by relatively shallow water, and 
if the bottle-neck formed by the Skager Rak was not there, what part of 
the Baltic Sea would not have been laid bare at low tide? Another modern 
example which may be mentioned is the west shores of Hudson Bay where 
the width of the tidal flats ranges up to 6 or 8 miles (37, D. 832). 

A discussion of the tidal flat deposits of northern Germany by W. Hêntzschel 
is enlightening in this respect (11, p. 195). Here the littoral is at places several 
kilometres wide. 'The sediments are slimy muds constituted mainly of fine silt 
and clay, with a small amount of sand. 'The deposits are laminated in spite 
of their freguent reworking by tidal currents and organisms, and are derived 
for the largest part from the suspension-loads which rivers transport towards 
the sea. Organic excrementa and plant material constitute an important part 
of the mud. Hêntzschel points out that the fine grain of the sediment and 
its thin lamination may be taken to indicate duiet water, but the common 
occurrence of cross lamination and streaky bedding indicates rapidly changing 
Currents and agitated waters. 'The infiuence of meteorologic factors upon the 
Current directions of these tidal flats is great, and the sloughs on the flats, which 
are comparable to river brooks, continually shift in position, modifying the 
sediments. 


It will be noticed that the deposits on these tidal flats of northern Germany 
are very similar to the muds and muddy sands of the Bokkeveld, and it is clear 
that guiet water is not essential for the formation of laminated mudstones, but 
that these may be deposited under conditions of strong tidal current action. 

It is true that modern conditions fail to give an adeduate picture of the 
physical processes active on the wide littoral flats which seem to have esisted 
in this part of the Bokkeveld sea. Nevertheless, the primary sedimentary 
structures from the beds at Wuppertal indicate, as far as our present knowledge 
goes, intermittent exposure of the sediment to the air, as well as the existence 
of tidal currents. And it is reasonable to assume that the shore was at that 
time at least 30 miles distant in an east-north-easterly direction, which is 
the present width of the outcrops. 


If the above conclusions are correct, they seem to indicate very large 
vertical tidal ranges for the Palaeozoic Bra. This was probably partly due to 
the base-levelled condition of large parts of the continents, the shallow nature 
of the seas that transgressed across them, and perhaps to the smaller diameter 
of the moon's orbit at that time. 


(6) The postulation has been made by A. L. du Toit (8, p. 926) that 
oscillations of the seafloor were responsible for the regular alternation 
of shales and sandstones in the Bokkeveld Series. 'The necessary 
magnitude of such oscillations has not been stated, but if the above 
conclusions are correct, the basal beds of the Second Sandstone, the 
top beds of the Third Sandstone and the middle beds of the Fifth 
Sandstone were all deposited in the littoral environment. 'This rules 
out the possibility that oscillations of the seafloor may have been 
responsible for the differing grain-sizes of the sediment deposited. 
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The Marine Environment 


Up to the present stage of the discussion it has been taken for granted 
that marine conditions lasted throughout the time of deposition of the 
Bokkeveld beds, but since a variety of depositional environments have been 
postulated for different horizons within the Cape System (8, p. 496), it is important 
that the grounds for such an assumption should be stated. In Chapter III it 
has been shown that marine fossils occur throughout the series, although 
those above the Second Sandstone have probably not been described and are 
SO Dpoorly preserved that they could not be classified. 'To prove by means of 
a jew hand specimens that these imprints are fossils would be wellnigh 
impossible, but when studied in the field where they occur in abundanece, little 
doubt remains as to their origin. From the symmetry of the imprints it 
appears that many of them are brachiopods, and the conclusion that they were 
marine-dwelling animals is borne out by the fact that crinoid stems are found 
in upright positions in the Fourth Shale. Corstorphine recorded a similar 
distribution of fossils: “The upper sandstones very rarely contain fossils, but 
near Triangle Station specimens of nearly all the genera characteristic of the 
fossiliferous sandstone were found associated with beds containing plant 
remains above the second group of shales” (4, p. 18), and another example is 
mentioned by Schwarz: “Though most of them (the fossils) occur under the 
fossiliferous sandstone, the same species may be distributed throughout the 
seriesi (32: p. 2680). 

The disappearance, therefore, of the known Bokkeveld fossils above the 
Second Sandstone in the Wuppertal area is by no means an indication that 
marine conditions ceased to exist, but it may bear some relation to the 
appearance of plant remains at this stage. 

It may be concluded that a marine environment of deposition is indicated 
for the entire Bokkeveld Series by the fossils present in the rocks. 


Epeirogenic Movement 


Epeirogenic movement proceeded at such a rate during T.M.S. time that the 
major part of the peneplain was invaded by the sea at its close, and the 
marginal facies of the sediment came to rest on a less gently sloping surface. 
At Wolve Punt the slope of the marine-eroded platform is probably as high 
as 5”. In upper TM.S. time thin sandy shales were deposited together with 
the sandstone. 'The deposit as a whole became less coarse. During the 
succeeding Bokkeveld time the water was so shallow that erosion of the coast 
could not possibly have been very active, and these sediments are believed to 
have been largely derived from the land by fluviatile erosion and transportation. 

From these facts it would appear as if epeirogenic movement slowed down 
to such an extent that the loads brought on by rivers from the land caught up 
with the vertical capacity of the basin of deposition. But the possible effects 
of climate are considered to have been very closely related to this change in 
the distributive province of the sediment. 


Climate and Topography of the Hinterland 


It is difficult to say which factor was most responsible for the change in 
sediment deposited at the top of the T.M.S., climate or diastrophism. Nor is it 
possible to say whether both these factors underwent change or not. 
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The dispersal of ice in late T.M.S. times and the appearance of life over 
the bottoms of deposition strongly suggest a change of climate. 'The decrease 
in coarseness of the deposit and probably in the depth of the water may, 
however, have been the combined effects of climate and epeirogenesis, or the 
individual effects of either. Both are considered to have been operative. 


The Bokkeveld sediments are predominantly of a very fine texture, which 
is to be expected, seeing that the land bordering the ocean was the hinterland 
of a peneplain in pre-Cape time, and therefore in the old or late mature stage 
of evolution. Inland the continent probably stood at a higher level by virtue 
of the bulging effect of epeirogenic movement. 'This movement may have 
coincided in the Grigualand West area with the post-Waterberg—Matsap 
orogenesis which gave rise to the Langeberg—Korannaberg highlands and merged 
with the older Doornberg folds southwards. It may have been this orogenesis 
which was partly or wholly responsible for the glaciation of the land in 
T.M.S. time. 'The highlands from whence the ice spread, lay to the west or 
north-west of the area of deposition. 


The drainage system on land, so far as it was unaiffected by orogenic 
movements, probably dated back to pre-Cape time, and may be expected to 
have shared the stage of evolution of the land. At high tide the rivers would 
have been drowned in their lower courses, but by virtue of the enormous tidal 
range in Bokkeveld time were able to transport large duantities of fine mud 
and sand to permanent sites of deposition. 'The bulk of the sediment delivered 
to the sea and the abundance of plant remains at some horizons show that 
the climate was wet. Fresh feldspar is present in small duantities in all the 
sandstones, testifying to cool conditions, for the sediment would inevitably have 
suffered interruptions of transport in the food plains of the rivers. 

The effects of transport on the sand grains was slight, and the duartz 
sand forming the bulk of the deposits is poorly rounded. A large fraction of 
the hard minerals like zircon and tourmaline shows very slight rounding or 
none at all. Monazite, which is a relatively soft and heavy mineral, always 
shows excellent rounding, and brookite which is lighter, harder and flaky shows 
almost no rounding. 


The Alternating Deposition of Mudstones and Sandstones 


The clastic deposits of the Bokkeveld Series differ in average texture over 
considerable thicknesses of rock. At Wuppertal only one of the textural units 
is less than 100 feet in thickness, and it follows that long-term factors were 
responsible for these changes in coarseness of the material deposited. 

It should be remembered in this respect that the variation in texture 
between successive Bokkeveld horizons is somewhat different from the change 
in texture from the T.M.S. to Sh 1. During T.M.S. time the depth of the water 
was such that erosion of the shore was active, producing a sediment of coarse 
texture. 'The change from coarse sand to fine mud was most probably due, in 
part, to the factors climate and diastrophism, but it involved a change of 
distributive provenance also. The water became so shallow that the tidal range 
increased to a width of tens of miles; conseguently little or no erosion of the 
shore could be effected, and the material deposited was now that derived by 
river transport from the adjacent land. 
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The changes cf texture in the Bokkeveld beds, however, involved no or little 
change of the distributive provenance, and were always found to be gradual. 

The probable causes for textural changes affecting such considerable 
thicknesses of strata have been enumerated by Eaton (10, p. 371) and include 
the following factors: 


(1) The rate of subsidence of the area of deposition may change. Rhythmic 
changes and oscillations of earth movements have occurred repeatedly 
in geologie history. 'The wave-cut platforms at different levels on our 
south coast testify to such movement. 

Change in the rate of subsidence affects the vertical factor in the 
capacity of a basin. A decrease in the rate of subsidence of a region 
undergoing adedguate sedimentation will, other factors remaining 
constant, coarsen the average texture of the sediment laid down at a 
certain place. lIncrease in the rate of subsidence would have the 
reverse result. 

To show that this factor was solely responsible for the grain-size of 
a sediment deposited, it is necessary to prove that the extent of the sea, 
main current directiozs, climate and diastrophism remained unchanged. 

There is no indication that climate and diastropbism remained 
unchanged in Southern Africa during Bokkeveld times. 


(2) Diastrophic or climatic changes, or a combination of these, may affect 
the average texture of the sediment deposited at a certain place, or the 
average texture of the sediment delivered to the sea, as well as the 
duantity of material delivered. When the material supplied to a basin 
of deposition averages a coarser grain-size than before, or a greater 
volume of the same grain-size, there is a tendency to extend the coarse 
sediment basinward. For a supply of smaller grain-size or volume than 
before, the extent of the coarse sediment basinward is reduced. 


(3) The factor of transgression or regression of the sea determines to some 
extent the grain-size of deposits laid down at a certain place, especially 
when the bottom is fairly even and of constant shape. No signs of 
migration of the shore line have, however, so far been detected in the 
Bokkeveld beds. 


The three factors, rate of subsidence of the basin of deposition, climate 
and diastrophism may therefore have been, either individually or in 
combination, responsible for the large-scale textural changes in the Bokkeveld 
sediments. At present it is not possible to evaluate the relative or individual 
importance of any of them. 

The climate did change from glacial to milder conditions during upper 
TM.S. time, but whether the accompanying change in depth of the water and 
kind of material deposited was in part due to a change in the rate of 
epeirogenic movement is not certain. 


The Biologic Factor 


In Chapter III it has been pointed out that there exists a close relationship 
between the fossils of the upper TM.S., the Bokkeveld Series and the lower 
Witteberg sandstone, and that the animals were marine-dwelling forms. 'The 
presence of fossils in the upper T.M.S. links up this horizon with the overlying 
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Bokkeveld beds in spite of the usually sharp contact between the Series, and 
those present in the Witteberg sandstone show that the environment of 
deposition was essentially the same as that of the preceding sandstones. 

From the occurrence of large and small imprints of the same form at one 
and the same place it is evident that the animals lived over the bottoms on 
which they died and in which they were buried. 'The exceptionally large sizes 
of the majority of the fossils could only have been attained if conditions were 
favourable towards their growth. 'Trilobites, lamellibranchs and brachiopods 
teemed on the muddy bottoms and lived in colonies. 

The discontinuous distribution of animal remains in the Bokkeveld Series 
bears some relation to the variation in the grain-size of the sediment, and 
perhaps also to the distribution of plant remains in these beds. During the 
deposition of almost the entire TM.S. the environment of deposition seems 
to have been so unfavourable towards organisms as to have prevented 
their entrance. 

Tt is interesting to know that the animals listed in Table V (Chapter IIT) 
lived, some on muddy bottoms, some on sandy bottoms and some on both, and 
that the depth of the water over the bottoms on which they lived was very 
shallow, at times at least within the tidal range. 


THE DEPOSITION OF THE LOWER WITTEBERG BEDS 


The Witteberg sandstone follows concordantly upon the Sixth Bokkeveld 
Shale in the Wuppertal area and resembles the arenaceous members of the 
latter to a marked degree. Tt even contains the same bi-valve and plant 
fossils, and the heavy minerals of the lower 100 feet follow concordantly upon 
those of the Fifth Bokkeveld Sandstone. Spirophyton, a fossil mark hitherto 
believed to be abundant only in the Witteberg beds, was found to be more 
abundant in the Third Bokkeveld Shale. . 

There is therefore, in this area, no definite means by which to diferentiate 
between the two series. 'The proposal made by A. L. du Toit (8, p. 229) to map 
as Bokkeveld Series only those beds carrying marine fossils can obviously 
not be applied. 

Conditions of deposition identical with those of the Bokkeveld sandstones 
are indicated for the lower beds of the series at Wuppertal, and if the fossil 
evidence is interpreted correctly, shallow marine conditions persisted in lower 
Witteberg time. 'There is certainly no evidence for regarding these beds as a 
lacustrine deposit (8, p. 496). 

The increase in grain-size from the lower Bokkeveld horizons into this 
series, and the glacial horizon following conformably above it, are thought to 
indicate approach to and attainment of a second period of maximum epeirogenic 
movement synchronised with a period of low solar radiation. 


THE PROVENANCES OF 'THE SEDIMENTS OF 'THE 
CAPE SYSTEM 


The T.M.S. 
If the deduction that the T.M.S. is a marine-produced sediment should be 


correct, it follows that the material building it was derived, at least in part, 
from the rocks of the pre-Cape platform. 'These are the sedimentary rocks of 


475 


the Pre-Cape Systems with the intrusives of granite, duartz-porphyry and 
dolerite, and to the north of Old Granite. 'That the Old Granite contributed 
material is indicated by the heavy minerals from the upper TMS. at 
Wuppertal, which are essentially the same as those from the Bokkeveld Series 
and are for a great part minerals in their first sedimentary cycle. 

The pebbles contained in the T.M.S. lead to the same conclusions. 'They 
are made of guartz, guartzite, grit, slaty rocks, red and brown jasper, felsite, 
granite and duartz-porphyry. 'The pebbles of jasper may be matched with 
jaspers of the Griguatown Series (8, p. 208). 

The tillite in the Glacial Band of the T.M.S. consists of detritus transported 
by ice from a westerly source which was presumably situated between the basins 
of deposition of the T.M.S. and that of the Furnas Sandstone of South America. 
Tt is assumed that the continents lay much closer together at that time. 'The 
pebbles and boulders of this horizon are made of guartz, guartzite, sandstones, 
red jaspers, amygdaloidal diabase and granite. 'The pebbles of milky guartz, 
chert, red jasper and granite from the upper T.M.S. at Wuppertal probably 
came from the same source. It is of interest to note that red jasper has been 
reported irom the Furnas Sandstone (7, p. 59). 'The pebbles of jasper in the 
T.M.S. and especially those in the glacial horizons may therefore have been 
derived from the west. 

It may be concluded that the provenance of the T.M.S. was, so far as can 
at present be made out, constituted of the rocks of the Pre-Cape Systems, the 
plutoniec rocks intrusive therein, the Old Granite and, to a minor extent, a 
mixed sedimentary and plutonic provenance to the west. 


The Bokkeveld and Witteberg Series 


The Bokkeveld and Witteberg sediments register a time of slight, or at 
least subordinate marine erosion, and the deposition in the ocean of material 
supplied by rivers from the adjacent land. 'This land lay to the north-east, 
north and west of the embayment in which were deposited the Devonian 
strata of the Western Cape. 

The heavy minerals from the two series at Wuppertal indicate a provenance 
built of acid igneous and metamorphic rocks. Zircon, rutile, tourmaline, brookite 
and monazite form the bulk of the heavy concentrates, and the relative 
freguencies of these minerals remain more or less constant throughout the 
Bokkeveld and lower Witteberg sandstones. Remarkable is the absence of 
typical metamorphic minerals such as garnet, staurolite and sillimanite, as well 
as the relatively simple association of heavy minerals in spite oi the optimum 
conditions for the preservation of semi-stable species. This is believed to 
indicate a provenance of simple composition, and the assemblage of heavy 
minerals is typical of granitic rocks. The relative freguencies and weak rounding 
of the minerals present suggest that they are in their first sedimentary cycle. 
The freguency percentage of tourmaline, for instance, is low, and minerals like 
microcline and plagioclase are still present. 

A classification of the duartz grains according to the type of inclusions 
they contain as suggested by Mackie (14, p. 178) indicates a provenance of 
schists or gneisses, or duartz-bearing igneous rocks, or both. That sedimentary 
rocks furnished some of the material is evident from occasional grains of 
cryptoerystalline duartz resembling chert. 
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A series of diagrams, based on measurements conducted on the zircon 
fractions of the concentrates, supports the idea that the provenance of the 
Bokkeveld and lower Witteberg sediments underwent no remarkable changes. 
Only for the two lower sandstones, $S, and S,, is a regular change in the form 
of the zircon grains evident. 

These diagrams, when compared with those drawn by Lamont for the 
pink gneisses of Moedverloor, show a strong similarity.. 

Tt must, however, be kept in mind that, although the mineral assemblage 
is simple, the various species of a mineral present, for instance zircon, show 
that the rocks of the provenance were not homogeneous. Such lateral variation 
in the Old Granite is recorded by Lamont and (Ooetzee (2). 

Seeing that for a great part the distributive province or provinces were 
in a late mature or old stage of physiographic evolution, one may expect a 
more or less constant nature of the heavy mineral assemblage. 'There exists, 
however, a slow change in the freguency percentage of brookite from the base 
of the Bokkeveld Series to the base of the Witteberg Series. 'The mineral 
appears in the First Bokkeveld Sandstone, and with its increase in abundance 
upward in the succession is coupled a change in its physical and optical 
properties, proceeding from abnormal to normal development. Being such a 
rare mineral, this brookite, when its host rock is known, ought to be an 
exceptionally valuable clue to the provenance of these sediments. At present 
it is assumed to have been derived from the plutonic and metamorphic rocks 
included under the Old Granite. 

The rocks included under the name “Old Granite” seem to have furnished 
the bulk of the material building the Bokkeveld and lower Witteberg rocks 
in the Wuppertal area. 


THE SUBDIVISION OF THE CAPE SYSTEM 


No marked stratigraphical breaks have so far been discovered within the 
Cape System, the rocks of which seem to register a period of more or less 
continuous deposition. Even the sharp charge in grain-size of the sediment at 
the top of the T.M.S. in the Wuppertal and other areas is in places represented 
by transition beds. 

It would appear as if the boundaries recognised between the three series 
of the Cape System, that is, the top of the TM.S. and the base of the Witteberg 
Series, have been chosen solely on the ground of differences in grain-size of 
the sediment. In the Wuppertal area these boundaries, although sharp, have 
little or no lithological or palaeontological significance, and in other localities 
they are transitional and must be fixed arbitrarily. It is also recognised that 
these boundaries as observed at Wuppertal when applied in distant areas 
where the same rock units are present, may have cut across time-planes. 'This 
condition should be expected considering the transgressing sea of Cape times 
which was probably deeper toward the south than toward the north in 
Bokkeveld times. Henson has pointed out that “common sources of error are 
to be found .... in the fiixing of stage-boundaries at convenient lithological 
contacts, thus assuming that facies changes were everywhere neatly synchronised 
with those which define the same stages in their type sections” 6i3. py 16. 

An ulterior basis for the subdivision of the rocks of any one area has been 
advocated by Rastall He emphasised the fact that earth movements are 
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responsible for environmental variations, and that the only geological date-lines 
are physical. Stratigraphical subdivisions should therefore be based on 
tectonics (24, p. 165). 

The discovery of fossils in the upper TM.S. at Wuppertal has shown that 
palaeontologically it is a part of the Bokkeveld Series. 'The heavy minerals, too, 
show no marked difference from those of the overlying rocks. 'The contact 
between the two series is transitional in places, and in any case may be expected 
to cut across time-planes diagonally. 

The same may be said for the Bokkeveld—Witteberg boundary across which 
the typical bi-valve fossils of the Bokkeveld sandstones transgress, as well as 
the typical heavy mineral assemblage of the Bokkeveld Series. 

It is therefore thought that a subdivision of the Cape System in the west 
and north-west of the Cape Province may be made on the basis of tectonics. 

If it is correct to assume that the Glacial Band of the TMS. and the 
Dwyka 'Tillite record approximately the maxima of two periods of diastrophism, 
these two horizons may be taken to delimit the top of the TM.S. and the 
Witteberg Series respectively. 'The base of the latter series then still remains 
arbitrarily fixed at the top of the upper Bokkeveld Shale, and the duestion arises 
whether there are any grounds for recognising a third series. j 

To me the Cape System in the Wuppertal area consists of two parts: the 
Table Mountain and Bokkeveld Series. 'The lower Witteberg sandstone in this 
locality is only another phase of the latter series. 
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ABSTRACT 


On the western side of the Malmesbury—Paardeberg granite pluton 
occur four dioritic stocks intrusive into a dome structure in the 
Malmesbury Greywacke formation, which has been severely affected by 
contact metamorphism. 

The dioritie rocks, which exhibit a relatively wide range in 
Composition and appear to be of a composite intrusive nature, occur in 
close association with the Cape Granites in the field. On structural 
grounds and on the already established relative ages of rocks, the 
seguence of intrusion in the Western Cape was determined as: older 
diorites, younger diorites, porphyritic granites, granite pegmatites (?), 
aplitic granites, granite pegmatites and aplites, duartz- and granite- 
porphyries (?), dolerites. 

Petrographically, remarkable zoning in the plagioclase and reaction 
relations between the different mafic minerals were observed. In view 
of the latter the different phases of dark minerals were mapped in 
detail and a rough concentric distribution of certain phases established. 
Chemically, the pronounced enrichment in ferrous iron and constant 
gradual decrease in the anorthite content of the rocks are the dominant 

, characteristics. 'The Malmesbury diorites are compared with other 
intrusive bodies of analogous chemical composition. 

1t is believed that the composite dioritic stocks probably owe their 
origin to the successive intrusions of magma which had undergone 
different degrees of differentiation in depth. 
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I. INTRODUCTION 


On the western side of the Malmesbury granite pluton lie four dioritic stocks 
which have not been previously described. 

Although on the Cape Sheet 4 of 1906 a diorite dyke was indicated in the 
vicinity of Malmesbury, the correct positions of the Oranjefontein and 
Nooitgedacht occurrences were mapped for the first time by D. L. Scholtz 
(24, 1946) during his work on the Younger Pre-Cambrian Granite Plutons. In 
addition L. P. Rabie (22) in mapping the Moorreesburg—Wellington area found 
the Tweekuil occurrence, while another small outcrop was found by the author 
on the farm Middelpos, to the south of Oranjefontein. 'The present paper deals 
with the petrology and probable origin of the diorites in the Malmesbury 
area, but in order to establish age relations between the granite and dioritic 
intrusions some attention is paid to the dioritic dyke at Banhoek, Groot 
Drakenstein. 

While investigating the diorite outcrops, the area between Malmesbury and 
Dassenberg in the south and 'Tweefontein and Elandsvlei in the north was 
surveyed. This was done in order to extend the area covered by L. P. Rabie. 


II. THE GEOLOGY OF 'THE DIORITIC INTRUSIONS 
AND SURROUNDING COUNTRY 


The dioritic intrusions occur as oval stock-like plutons along a line striking 
N.N.W.-S.S.E., the long axes of the stocks being parallel to this direction. (See 
geological map, Plate 1) The occurrences of 'Tweekuil, Nooitgedacht and 
Oranjefontein cover approximately the same surface area, in comparison with 
which, the Middelpos outcrop is very small. The latter is probably an undersurface 
extension of the Oranjefontein outcrop. 'The weathered diorites yield a 
characteristic red-brown soil which reveals the form of the intrusion in areas 
where no outcrops are available, thus permitting the mapping of the intrusions 
with a reasonable degree of accuracy. The small diorite occurrence lying to the 
west of the main Nooitgedacht stock represents part of this intrusion that has 
been up-faulted. 

At least two and possibly five periods of intrusion can be recognised in the 
diorites. A well exposed sharp contact between a dark biotite-rich gabbro-diorite 
and a light-coloured, porphyritic, duartz-rich gabbro-diorite can be seen at the 
south-eastern end of the Tweekuil occurrence. 'The porphyritic variety has 
been sheared along the contact. 'Three hundred yards to the north of this 
occurrence there is another small outerop of a dark basic variety, probably a 
gabbro-diorite which displays an abrupt change to a more acid rock. No 
contacts are exposed, but the gabbro-diorite contains inclusions of the more 
felsic variety. In the railway cutting at Tweekuil there occurs an abnormal 
hornblende-rich type exhibiting no visible contacts with the other dioritie 
rocks. In the centre of the stock at Nooitgedacht there is a small hornblende- 
rich gabbro-diorite displaying a sudden change in composition to a more normal 
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diorite. 'Two hundred yards to the west, lying against the f#ank of the hill, is 
another small outerop of basic rock, probably a gabbro-diorite. At Oranjefontein 
a normal gabbro occurs on the eastern flank of the hill, approximately in the 
middle of the stock. A small detached body of gabbro-diorite lies on the eastern 
side of the outcrop and a short lamprophyric diorite dyke cuts the middle of 
the most southern outcrop. In all these cases no visible contacts are exposed, 
but the abrupt change in composition suggests a difference in the age of 
intrusion. 'In one instance namely that of the small eastern 'Tweekuil 
gabbro-dioritic occurrence, however, the more basic rock holds inclusions of 
the enveloping less basic Malmesbury diorite, which suggests that the other 
small basic occurrences possibly also represent later intrusions such as the 
normal gabbro, the normal gabbro-diorite, the hornblende-rich gabbro-diorite 
and the lamprophyric dyke, whose relative ages could not be established. 

The Pre-Cape sediments, towards which the diorites bear an intrusive 
relationship, comprise the Malmesbury G@reywacke formation over the whole 
of the area. These rocks are well exposed in the vicinity of Kanonkop in the 
north and in the range of hills between Drostersnes and Mêrewag in the south. 
In the area to the north of the Malmesbury—Darling road the formation 
consists of greywacke and occasional intercalated clay-slate bands, whereas in 
the area to the south of this road the formation consists dominantly of clay-slate 
With intercalated greywacke bands. On L. P. Rabie's map of the Moorreesburg— 
Wellington area the Wellington—Paardeberg fault runs in the .direction of 
Malmesbury up to the Malmesbury granite. It is possible that this fault 
continues through Malmesbury in a N. 60” W. direction, thus accounting for 
the sharp deviation in the lineation pattern to the north-west of Malmesbury 
as well as the change in the lithology of the sediments. 

According to L. P. Rabie the surface width of the contact metamorphic 
aureole around the Malmesbury granite pluton varies from 600 feet to a 
maximum of 800 feet. On the north-western extremity of the mass, however, it 
expands suddenly, attaining the abnormal width of some 5 miles before passing 
below a sand cover. From the attitude of the lineation and foliation it hardly 
seems likely that the Malmesbury granite pluton was emplaced at a low angle 
in a south-eastern direction so as to account for the observed extensive contact 
metamorphism in the .north-west. In this respect the distribution of the 
dioritie stocks relative to the metamorphic aureole is significant and its abnormal 
width must therefore be related to these intrusions. 'That this is so, appears 
to be corroborated by the presence of relatively narrow strips of unmetamorphosed 
sediment between the respective contact metamorphic aureoles of granite and 
diorite on the farm Oranjefontein south of Malmesbury. 'The fact that the 
metamorphic effects of the granites are comparatively feeble, as well as the 
development of the maximum intensity of metamorphism in the immediate 
vicinity of, and between the dioritic stocks and the absence of any other effective 
intrusive bodies, strongly suggests that the dioritic rocks are responsible for 
the observed phenomenon. 

In the more intense metamorphic zone the baked slaty greywacke has been 
altered to a cordierite-biotite paragneiss which is most favourably exposed in 
the contorted zone along the Hopefield road before crossing the railway at 
Rondomskrik. 'The contortions which are here exhibited run in a narrow zone 
with a N. 45” W. direction from the railway line up to the Groot Kiesenbosch 
farmhouse. In the Middelpos—MbOêrewag range of hills typical hornstones are 
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developed, a rapid gradational change between clay-slate, spotted slate and 
hornstone being present. 

If the large contact metamorphic aureole in the northern area is ascribed 
to the intrusion of the diorites, we may further conclude that the underground 
extension of the northern diorites is far greater than their outcrops suggest. We 
are strengthened in this belief by the arrangement of the foliation and lineation 
pattern in the slaty greywacke. A marked deviation in the general trend of 
the lineation and foliation is encountered both at Tweekuil and Nooitgedacht. 
At Tweekuil the foliation and lineation are closely wrapped around the outcrop, 
whereas a much larger pattern asymmetric towards the west is displayed by 
the lineation at Nooitgedacht. 'The lineation at the latter occurrence therefore 
favours the existence of a larger underground extension of the intrusive mass 
westwards. 

The 'Tweekuil and Nooitgedacht stocks are intruded into a dome structure 
with concordant foliation while the lineation pattern appears to be sympathetic 
with regard to the intrusion. This dome structure has a long axis curving 
from N.NE-S.S.W. in the north to N.N.W.-SS.E. in the south. At Tweekuil 
the foliation, which has a more or less horizontal disposition in the crest of the 
dome, is turned up sharply against the diorite contact thus forming a small 
cupola-like structure on the crest of the dome. At Nooitgedacht, the sedimentary 
outcrops being too scanty in the vicinity of the dioritic intrusion, it was not 
possible to deduce whether similar effects occur. At Oranjefontein the whole 
range of hills of diorite and granite is intruded into a cusp structure, the 
foliation on both sides dipping at steep angles away from the intrusions. From 
this we may deduce that the intrusions are probably narrow stocks which do 
not thicken appreciably downwards, thus accounting for the relatively narrow 
zone of contact metamorphism around the diorites in the southern area. 

Contacts between the dioritiec rocks and the paragneiss are not uncommon. 
A good example is found at the southern point of the Tweekuil outcrop. In 
this case a narrow gradational zone up to a few feet in width is observed 
between diorite and paragneiss, the sediments having been altered to dioritic- 
looking rocks. In the sediments large plagioclase crystals are found which are 
largest and most abundant nearest to the diorite contact and are therefore 
ascribed to emanations from the magma. In the railway cutting at Nooitgedacht 
there is a mixed transitional zone. In what appears to be part of the roof the 
sediments are fractured, some blocks having sunk into the dioritic magma and 
the latter having sent tongues into the fractured areas. 'Transitional as well 
as sharp contacts between diorite and sediments can be seen. 

Inclusions of sediments in the dioritiec rocks are especially common in the 
duartz-diorite rocks in the eastern side of the Tweekuil outerop, but are also 
evident elsewhere. 'Two large paragneiss xenoliths are found near the centre 
of the Nooitgedacht stock. 

The dioritic rocks can be seen in contact with the Cape Granite on the 
southern side of Nooitgedacht and at a small outcrop of granite on the eastern 
side of Oranjefontein. 'The sharp contact which exists at Nooitgedacht has 
been affected by a number of minor N.N.W.-S.S.E. displacements causing the 
contact to run in a zig-zag fashion. At Oranjefontein it appears that small 
tongues of granite have invaded the shattered diorite although this phenomenon 
is partly disguised by shearing. At Tweekuil no contacts between granite and 
diorite were observed. Cn the eastern side of the last-mentiored occurrence, 
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however, the dioritic rocks become relatively acid and also contain potash 
feldspar. 'The porphyritic grano-dioritic facies of the Cape Granite lying to 
the east of this area closely resembles these rocks, and it is possible that the 
rocks containing potash feldspar are apophyses of this latter intrusion. 

In the railway cutting at Tweekuil large granite pegmatite dykes cut the 
diorite following a N.N.W.-S.S.E. direction. Numerous similar small pegmatite 
veins were found to traverse the dioritic rocks in the railway cutting at 
Nooitgedacht. 'In this locality an aplite vein is also exposed. 'The large 
pegmatite veins and the aplite, as well as some of the small veins, follow a 
direction which varies from W.N.W.-E.SE. to NN.W.-SSE. 'This is also a 
prominent direction of shear in the area under consideration. 'These veins are 
displaced by shearing movements in a N.E.-S.W. direction. Some of these latter 
shear planes are also followed by small pegmatite veins. 

In the area mapped four dolerite dykes were found, two cutting across 
the diorite and the granite and two being in close proximity to the dioritic 
intrusions. 

At Highlands auartz porphyry boulders occur along a line striking N.-S. 
There is no definite outcrop, the boulders being surrounded by gravel. 


III. PETROGRAPHY 
1. Maecroscopic Characteristics 


Great variation exists in the texsture of the dioritic rocks. 'The basic varieties 
are more fine-grained and of more uniform texture than the less basic 
varieties, the average size of the crystals generally varying between 0.380-1.00 mm. 
The less basic facies exhibit a coarser grain, the hornblende crystals in some 
instances attaining a length of almost one centimetre. 'The average size of the 
erystals, however, generally varies between (0.80-4.00 mm. The texture may 
either be even-grained or porphyritic, the latter being comparatively rare. In 
both the basie and less basic varieties there are small segregations of much 
coarser material, exhibiting almost sharp contacts with the rest of the rock, as 
on the eastern side of the Oranjefontein occurrence. 'These coarse patches 
contain hornblende laths up to four centimetres in length and are usually rich 
in guartz. 'The writer is of opinion that they represent volatile-rich segregations 
of the dioritic magma. 

The colour of the diorites varies with the basicity of the rock. 'The colour 
Tatio of the more basie varieties ranges from '70-47% and of the less basic 
varieties from 50-17%. Jn general the colour ranges irom dark green to 
greyish-green and the rock assumes a spotted appearance with the increase of 
feldspar and dguartz. Contaminated types exhibit a blotchy texture owing to 
the aggregation of dark minerals. All gradations from rocks containing sparsely 
scattered aggregates of biotite to varieties exhibiting a distinctly mottled 
character are found. 


9. Microscopic Characteristics 


The minerals present are: plagioclase, hypersthene, diopside, hornblende, 
biotite and dguartz, With accessory magnetite, apatite, sphene, pyrite and zircon. 
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Olivine is found in only two specimens and microcline in only one. Chlorite, 
epidote clinozoisite, calcite, saussurite and serpentine are present as alteration 
products. 

Several distinctive types of textures occur. In the basic rocks the texture 
varies from subophitic to monzonitic, and in the less basic to more acid rocks 
from monzonitie to eugranitic. In addition some of the hornblende- and 
duartz-rich gabbro-diorites exhibit a porphyritic texture. 

The rocks are remarkably fresh with only slight alteration occurring in 
certain areas. In some instances the flaky minerals and plagioclase laths are 
bent but seldom crushed, whereas the large auartz crystals invariably show 
undulose extinction. Clinozoisite and epidote and to a lesser extent calcite 
form in veins along microscopic shear planes. Comparatively speaking, however, 
the effects of Post-Cape low grade regional metamorphism are much less 
conspicuous in the diorite than in the case of some of the Pre-Cape dolerite 
dykes of the Riebeek Kasteel area, which may possibly be related to the fact 
that the former occur near the erest of a structural dome, whereas the latter 
invade steeply dipping strata. 


Plagioclase is the most abundant mineral, varying from 24-60% by volume 
of the rocks (see Diagram 1). In the basie rocks the plagioclase forms euhedral 
to subhedral laths ranging in size from (0.25-3.00 mm., the average size, however, 
being 0.75 mm. With decrease in the basicity of the rock, the elongation of 
the feldspar decreases until it becomes granular. In the less basic rocks the 
length of the crystals varies from 1.00-5.00 mm., the average length being 2.00 mm. 

The crystals are conspicuously zoned and a wide variation exists in the 
Composition of the plagioclase. As a rule, normal, oscillatory and reverse zoning 
are present. 'The crystals exhibit sharply separated zones within each of which 
the composition remains approsimately constant. Some of the plagioclase 
crystals which are completely surrounded by pyroxene exhibit reverse zoning, 
thus indicating that some of the feldspar at least crystallised before pyroxene, 
presumably with olivine. A feature of the zoning is the wide difference in 
composition of two adjacent zones of which examples are: An,-An-An,, and. 
AN.-AN-AN,, in different crystals. 'The composition of unzoned plagioclases 
was found to lie between An,-An, AN,-AN, ANsANG, ANsAN,s, ANssANss 
and An,-An.. In addition reverse zoning occurs in which the composition 
ranges from An,-ANn-An, OT An,-An,, terminating in a mantle with 
composition of An,-Anss. 

In some crystals the core and inner zones may have euhedral boundaries. 
The majority, however, are slightly rounded and in a few cases resorbtion may 
have taken place to such an extent that only skeletal remnants remain. 

In general it may be said that the plagioclase with composition of An,-ANs;s 
occurs only in the later more basic ijintrusions, that with composition of 
An,,-An,; is present in practically any rock-type, whereas the plagioclase with 
composition An,,-An,, tends to appear in localised areas of the more acid 
varieties. An An;-An,, mantle is occasionally developed in the form of an 
extremely rarrow rim of fresh plagioclase, probably of deuteric origin. 
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DIAGRAM 1 


(The numbers in the figure refer to the modes listed in Table IV.) 
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The relative freguency of the twinning laws exhibited by plagioclase in 
100 crystals selected at random is as follows: 


Albite ss 1 
Carlsbad jle 
Albite-Ala Es W 
Acline EE ig) 
Roc Tourné — 1 
Manebach EN 


When lath-like and euhedral the plagioclase is free from inclusions except 
for maenetite dust. But when large and granular, that is, in the case of the 
more sodic plagioclase, it may include apatite magnetite, small pieces of 
hornblende and more calcic plagioclase. In a few cases large anhedral feldspars 
surround small plagioclase crystals having a more sodic composition of 
approximately An, Plagioclase of a similar composition occurs in the 
paragneiss, and the former may represent unaltered inclusion of feldspar from 
the surrounding sediment. 

Alteration of the plagioclase has taken place with the production of 
saussurite and calcite. 'The basic portions of zoned crystals are invariably found 
to be most susceptible to alteration. 

Olivine is found only in the normal gabbro of Oranjefontein. 'The erystals, 
which are anhedral, occur sparsely throughout the rock and vary from 
0.11-0.80 mm. in diameter. 'The olivines are usually enveloped by pyroxene but 
may also occur in between plagioclase crystals. 'The optical axial angle 
2V. — 87” and birefringence (0.043) indicate that it is chrysolite of composition 
FO,,Fa,;. 


Orthopyrozene is limited to the more basic rocks of the complex. (It occurs 
in small granular crystals up to (0.50 mm. except in the normal gabbro of 
Oranjefontein where it forms large anhedral crystals in ophitic relation to 
plagioclase ranging in size up to 2.50 mm.) When present it varies from 
0-3% by volume of the rocks, the egception being the normal gabbro, the latter 
containing 14%. 

The orthopyroxene, which is a colourless hypersthene, may have a 
faint pink to colourless pleochroism. 'The negative optic axial angle varies 
between 60-67", the composition of the orthopyroxene hence ranging from 
ENn:,FS,-ENFS,; according to Winchell (33, 1933). 

The hypersthenes enclose olivine and may in turn be mantled or replaced by 
hornblende. When surrounded by reaction rims of the latter, resorbtion may 
have taken place, in some instances to such an exteit as to leave only scattered 
remnants of the former pyroxene crystals in the hornblende. 

The hypersthenes are usually fresh but may show alteration to a colourless 
or pale greenish chlorite. 


Clinopyrozene is more abundant and more widely distributed than the 
orthopyroxene and constitutes from (0-21% by volume of the rocks. (Colourless 


diopside is the only clinopyroxene present and is characterised by the following 
optical constants: 


2Va — 60” and v/c — 38%-48* 
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It displays the same crystal habit and relation to other minerals as the 
hypersthene without apparently replacing or surrounding the latter. Like 
hypersthene, diopside also alters to colourless or pale greenish chlorite. 


BIOTITE 


HORNBLENDE 2 so) o E PYROXENE 


DIAGRAM 2 


Hornblende is present in all the dioritic rocks and varies from 2% in a 
duartz-dioritic rock to 68% in an abnormal hornblende-rich gabbro-diorite of 
Tweekuil (see Diag. 1). The variation in the relative proportions of pyroxene, 
hornblende and biotite is well illustrated in Diag. 2. An essentially linear 
relation between pyroxene and hornblende and hornblende and biotite is 
immediately apparent and affords a good example of the discontinuous reaction 
relation as postulated in Bowem's reaction principle (1, 1928). The mode of 
the gabbro-diorite of Tweekuil (No. 8) occupies an anomalous position in the 
diagram, which may be attributed to biotite enrichment, possibly as a result 
of contamination, as has previously been described. 

Both green and brown hornblende are present, but in many instances the 
colour is intermediate between brown and green. Brown hornblende is more 
common in the basic rocks and green hornblende in the less basic varieties. 
Optical constants of the most typical brown and green hornblende were found 


to be as follows: 
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Green hornblende Brown hornblende 
Pleochroism .. .. y — green to bottie green. y — brown to dark brown. 
é — green to pale green, B — olive brown. 
rarely bluish-green. 
a — pale green to pale . — pale brown to 
yellowish-green. greenish-brown. 
Absorption .. .. 2 SP EE 8E 
Extinction angle .. ones 1 19. me — Op EI. 
Optical axial angle Vo — 70 4. Va. — 80-89”. 


The crystal habit of the hornblende varies with the composition of the 
rock. In the normal gabbro the hornblende replaces the pyroxene and assumes 
the angular interstitial or sub-ophitie habit of the pyroxeae. Otherwise it 
may form reaction manties around the pyroxene, the latter sometimes showing 
signs of resorbtion. In all the other rocks the hornblende has a granular habit 
but may become elongated showing anhedral prisms. In the hornblende 
spessartite dyke of Oranjefontein, however, euhedral prisms of hornblende occur 
in a fine-grained matrix of plagioclase. In a few instances large allotriomorphic 
flakes of hornblende containing inclusions of apatite, magnetite, plagioclase and 
occasionally duartz and biotite were observed. 

The hornblende is seen to be invaded and replaced by biotite. It alters 
to chlorite with or without muscovite, epidote and segregations of magnetite. In 
one rock which shows signs of shearing, the hornblende has been altered to a. 
fibrous variety, probably uralite. In a few specimens from Nooitgedacht and 
Tweekuil the hornblende was found to alter to a colourless amphibole with 
the following optical constants: 2Vai— B92*-84*, v/c — 16-19”, birefringence 
— 0.024-0.027 and positive elongation suggestive of tremolite. 


Biotite constitutes from (0-18% by volume of the rocks. It is absent or 


sparsely present in the rocks of Oranjefontein and attains its maximum 
abundance in the Tweekuil stock. 


The most common type is a golden brown variety, but slight variations 
occur in the pleochroism and colour: 


Pleochroism .. .. .. a— pale brownish-yellow to yellowish-brown. 
é — golden reddish-brown to blackish-brown. 
Absorption Me sa ER ER EE MEES 'N 
Refraetive indices IE ME 60 61 
— 1.668-1.679. 


From the refractive indices it can be seen that the biotite has the composition 
of siderophyllite. 

The biotite may occur as a primary mineral in the less basic facies where 
it tends to form coarse eduidimensional flakes. In the more basic rock-types, 
however, the biotite bears a reaction relation towards the earlier pyroxene and 
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hornblende and may occasionally adopt the crystal habit of the minerals 
replaced. Contaminated rock-types are characterised by the presence of 
exceptionally large flakes up to 6 mm. in diameter enclosing all earlier crystals 
ind sg poikilitie manner. Otherwise the biotite may aggregate to form clusters 
which impart a mottled appearance to the rock. 

The biotite commonly alters to chlorite, in some instances with segregation 
of iron ore. 

Bent biotite crystals, partly or wholly altered to chlorite, together with 
duartz are occasionally observed in perfectly fresh green hornblende. 'The 
deformed and altered character of the included biotite, its association with 
Ouartz and the resemblance of the surrounding mineral to other hornblende 


crystals in the rock, suggest that the inclusions may represent incorporated 
foreign material. 


@uartz. When compared with the modes of rock-types as duoted by Shand 
(26, 1947), a surprisingly large amount of duartz appears to be present in some 
of the rocks under consideration. 'The volume percentage of this mineral 
usually varies from 3-10, but in some specimens duartz may constitute as 
much as 25% of the rock. All gradations can be seen from small interstitial 
duartz to coarse granular crystals up to 4 mm. in diameter. Bven the large 
granular crystals appear to fill interstitial voids rather than surround the 
earlier minerals. Apatite and magnetite, however, are common inclusions in 
the duartz. 'The duartz forms embayments in the plagioclase and hornblende, 
especially where small cracks are present, thus apparently indicating some 
amount of replacement of the earlier minerals. Jn a few specimens duartz 
veinlets and stringers were found to cut earlier dguartz and plagioclase crystals. 
This late guartz may possibly be attributed to hydrothermal activity or slight 
subsedguent silification. 'The large granular duartz crystals invariably show 
signs of undulose extinction. In no instance, however, could any crushing or 
recrystallisation of the duartz be detected. 

Mineralogically some rock-types characterised by the presence of more 
than 5% of free duartz, appear to be saturated chemically. 'This condition may 
conceivably be attributed either to the presence of small amounts of 
undersaturated components in solid solution in some of the minerals, or, 
alternatively, to subseguent silification of the rock as a whole. 

The accessory mimerals are: apatite magnetite, ilmenite, microcline, sphene, 
pyrite and zircon. 'The apatite occurs in small euhedral crystals, present as 
inclusions in practically all the minerals except olivine and pyroxene, but may 
form abnormally large anhedral crystals up to 0.80 mm. in diameter in the less 
basic rocks. The magnetite may be a primary mineral but is usually a segregation 
product formed with the alteration of olivine, hornblende and biotite. 'The 
ilmenite is primary and often has kelyphitic borders of leucoxene, while small 
amounts of sphene are occasionally observed in the less basic rock varieties. 
Microcline occurs in one rock specimen exhibiting a few large crystals with a 
similar habit to that of duartz. Zircons are but sparsely scattered throughout 
most of the rocks but appear to be more common in the less basic types. No 
pyrite was observed under the microscope, but one or two crystals were found 
in hand specimens. 
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IV. THE CHEMISTRY OF THE DIORITES 


Owing to the fact that no analyses of the dioritic rocks of the Malmesbury 
area were available, 11 samples were submitted to the Division of Chemical 
Services for analysis. For purposes of comparison it was also considered advisable 
to have two further samples analysed of the contaminated basic dyke at 
Banhoek, Groot Drakenstein. 

There is a general agreement as to the basis on which most igneous 
rock-types are defined, despite some difference of opinion as to duantitative 
limits. 'This is not true of diorites and gabbros. On the one hand Rosenbusch 
and Harker define a diorite as being essentially a plagioclase-hornblende rock 
(the plagioclase varying from oligoclase to bytownite) with pyroxene and/or 
occasional biotite. In the United States of America, on the other hand, the 
separation of the diorite from gabbro has usually been made on the basis of 
the plagioclase composition; An,Ab,, being taken as the dividing line. 
Johannsen (19, 1937) adopted this basis of classification and further distinguished 
subdivisions based on the percentages of dark minerals present. Recently, 
however, Shand (26, 1947) proposed a new classification founded on the An : Ab 
ratio, the colour index and the percentage of free guartz, which is given below 
in Table I: 


TABLE |I 
Plus more than Mela and Plus more than 
An: AD Leucoceratic 5% of guarta Melanocratic 5% of guarta 


An — Ab lLime-diorite Lime-guartz-diorite lLime-gabbro Lime-guartz-gabbro 
Ab — An Soda-diorite Soda-guartz-diorite Soda-gabbro Soda-duartz-gabbro 


Owing to the difficulty of determining the average An: Ab ratio in the 
highly zonal plagioclases of the Malmesbury diorites and the unsettled position 
in the mineralogical classification, it was decided to separate the Malmesbury 
dioritic rocks on the basis of chemical ' composition. For this purpose the 
Niggeli values of the various specimens were compared with the standard 
rock-types of Nigglis calcalkaline suite (16, 1936). 'Treated on this basis we 
may distinguish the following types: normal gabbro, normal gabbro-diorite, 
hornblende-rich gabbro-diorite, biotite-rich gabbro-diorite, duartz-rich gabbro- 
diorite, duartz-rich lampro-diorite and mela-duartz-diorite. 

Several variation curves based on the norms, Niggli values, and relative 
proportions of certain oxides were prepared with the object of deducing the 
course of crystallisation and possible origin of the rocks. 

In Diag. 3 the various Niggli values were plotted against the si-value as 
abscissa. Owing to the close similarity of Analyses 6 and 7, and of 9 and 10, 
the molecular values of these pairs were averaged to yield respectively types 
6GA and 9A, before being plotted. 

The si-value exhibits a fairly large range, varying from 108-197, the analyses 
being evenly spread between si — 108-166 and with a relatively large gap 
between si — 166-197. It can be seen that the si, al and alk values increase 
with the decrease of fm, whereas c remains approximately constant. 
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The al and alk curves run approximately parallel throughout their course, 
indicating a constant normative anorthite content. Mineralogically, however, 
there is a slight decrease in the anorthite content. 'The explanation for this 
phenomenon is believed to lie in the fact that there is no potash feldspar in 
the rocks, all the potash being taken up by the biotite. 'The latter being a 
siderophyllite contains 2 alumina molecules for each potash molecule. 'The 
normative anorthite content will therefore correspond more closely to the 
mineralogical composition if the formula al — alk (k 4 1) is applied. 


A better idea of the variation in the anorthite content of the plagioclase, 
however, can be obtained from the alk (1—k) curve, which indicates the 
proportional increase in the normative albite content of the plagioclase. In 
Diag. 3 it will be noticed that there is a gradual increase from 3-10 units, thus 
pointing to the slow increase in the albite-content of the feldspar. 


The fact that the value of the c — alk (1— k) decreases from 20-13 units 
with the progressive increase in the si-value is suggestive of a decrease in the 
amount of normative diopsidic minerals. 


The fm-curve has an initial steep downward trend but becomes parallel 
to the c-curve at si — 148. In Diag. 4 it will be seen that an enrichment in 
ferrous iron takes place with the decrease in the basicity of the rock. 'The 
curve therefore points to a sharp fall in the MeO-value in the early 
Crystallisation stages. 


Summing up, it follows that with decrease in basicity there is (1) a gradual 
decrease in the anorthite content of the rocks, (2) a gradual decrease in the 
amount of diopsidiec minerals, and (3) an initial sharp decrease in the proportion 
of Me-rich minerals. 

For purposes of comparison the standard curves of Nigglis calc-alkaline 
Suite of rocks have also been incorporated in Diag. 3. It will be observed that 
the c and al curves of the Niggli types and the Malmesbury diorites respectively 
exhibit a striking coincidence, save for the displacement of the isofalic for 
some 20 units towards the right, which does not appear to be exceptionally 
important owing to the low angle of intersection of the respective curves. On 
the one hand the alk-curve of the Malmesbury diorites is seen to be parallel 
to but four units lower than the corresponding Niggli-curve and on the other 
hand the fm-curves are seen to coincide up to an si-value of 130. 'Thereupon 
a slisht deviation occurs indicating an increase in the fm-values of the 
Malmesbury diorites up to si — 155, beyond which point this difference is 
constantly maintained. 

In order to consider the effects of possible contamination on the course 
of these curves, average analyses of two granites from the adjacent Malmesbury 
pluton (No. 14) and of three typical greywackes from the Moorreesburg— 
Wellington area (No. 15) have been included in Table IV. From a casual glance 
at these values it may appear as if the above-mentioned discrepancy in the 
diferentiation curve could be accounted for by the assumption that contaminatio1 
of the diorite by greywacke took place. 'The writer, however, is of opinion 
that this is not necessarily so for two reasons: 


(1) The Banhoek intrusion which provides an indisputable example of 
contamination of an intrusive gabbroic magma by granite derived from 
the wall rock, exhibits analogous high fm-values. 
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(2) The fact that all available analyses of Pre-Cape dolerites of the Western 
Province are also characterised by relatively high fm-values. 


From the foregoing it appears as though we are rather dealing with a 
Cconsansuinous chemical characteristic of the basic rocks of the Western Cape. 
In this respect it is also instructive to compare Diag. 8 with D. L. Scholtz's 
variation diagram of contaminated granites and hybrids (Fig. 38, 24, 1946). It 
will be observed that little or no similarity between the trend and disposition 
of the respective curves exists. 


TABLE II. 
W.P. Malmesbury S.W. Pre-Cambrian 
Dolerites. Diorites. (Cape) Grarites. 
AI and al curves | sympathetic sympathetic sympathetic. 
fm and c curves .. | sympathetic sympathetic sympathetic. 
fm and alk curves | antipathetic antipathetic antipathetic. 
Trend of fm-curve | Constant steep gra- | Tnitial steep gradient | Constant gradient pa- 


'Trend of al-curve 


Trend of c-curve 


'Trend of alk-curve 


c-al isofalic 


Alk-fm isofalic .. 


dient with higher and 
lower values than the 
diorites. 


Constant gradient pa- 
rallel to the dioritic 
al-curve but displaced 
2 units lower. 


Constant steep gra- 
dient with higher and 
lower values than the 
diorites. 


Constant low-angle 
gradient with higher 
values than the dio- 
rites. 


Located at approxi- 
mate same si-value as 
for the corresponding 
dioritic isofalic but 


displaced 2 units lower. 


The probable isofalic 
is displaced 53 units 
to the left of the 
corresponding theore- 
tical dioritic isofalic. 


with a later decrease 
in slope. 


Constant 
gradient. 


low-angle. 


Slightly variable gra- 
dient with low angle 
slope. 


Variable gradient with 
decreasing angle of 
slope. 


ralleling the ultimate 
trend of the  diorite 
curve but displaced 
downwards bv 13 units. 


Constant. gradient pa- 
rallel to the dioritic 
al-curve but displaced 
4 units higher. 


Approximately parallel 
to dioritic c-curve but 
displaced 3 units lower. 


Constant gradient pa- 
ralleling the ultimate 
trend of the dioritic 
curve but 9 units 
higher. 


The probable isofalic is 
displaced 2 units higher 
and 24 units to the left 
of the dioritc c-al 
isofalic. 


Displaced 64 units to 
the left of the probable 
dioritic alk-fm isofalic 
and almost coincident 
with that of the dole- 
rites. 


W.P. DIORITES 
ME Er LATE PRE-CGAMBRIAN GRANITE S OF THE W.P. 
W.P. DOLERITES 


'NORMA ODIO ADENITE APLITIC GRANITE 
T NORMAL |GUARTZ-DIORITE NORMALIGRANODIORITIE ENGAI 
LIGABBRO NORMAL |DIORITE AU ITE 
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For comparative purposes the variation curves of the Pre-Cambrian granites 
of the S.W. Cape (24, 1946), as well as the Pre-Cape dolerites described by 
Nell and Brink (2, 1944), were also plotted on Diag. 3. 'The chief characteristics 
of these curves are compared with those of the Malmesbury dioritic rocks 
in Table II. 

From 'Table II it is apparent that a certain degree of concordance exists 
between the three suites of rocks in the Western Cape. Nevertheless discrepancies 
of some conseduence are obviously present. 

To illustrate the variation in the magma with the progressive enrichment 
in iron the various Niggli-values were plotted against 100 x (1 — mg). It was 
found that al, alk, fm and c show similar trends to those in Diag. 3, while si 
was variable. 'This indicates that one may expect an enrichment in iron with 
the decrease in the basicity of the rock. 


AK;OFNAZO) ao 


DIAGRAM 4 


On the one hand it has been suggested by Bowen (1, 1928) and others that 
n the case of the diferentiation of a basaltic magma with the production of 
dioritie and granitic rest-magmas, alkali and silica enrichment is the principle 
process. On the other hand Walker (31, 1935), Fenner (6, 1938), Wager and 
Deer (28, 1939), etc., favoured absolute iron enrichment as the dominant process 
followed by an abrupt change in the differentiation of the residue with silica and 
iron enrichment. In view of this suggestion the recalculated weight percentages 


FT 
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of MEO, FeO and (Na,O -- K,O) were plotted on a ternary diagram. From 
Diag. 4 it would seem as if in the case of the Malmesbury diorites the trend 
denotes primarily a sharp increase in FeO at the expense of MeO followed 
by an overlap in iron and alkali enrichment. 

For comparative purposes the generalised variation curves of other dioritic 
and doleritic occurrences are given in Diag. 4A. Broadly speaking three different 
trends of variation are apparent: 

(1) The Newry suite of rocks exhibit only slight initial increase in the iron 

and alkali content followed by a pronounced alkali enrichmeat (curve C). 

(9) In contrast the Karroo (32, 1949) and Tasmanian dolerites (5, 1942) 


reveal an initial significant increase in the proportion of ferrous iron 
followed by a less prominent later alkali enrichment (curve B). 


(KaO*NAzO) TE s n s Mao 
DIAGRAM 4A 


(3) In the case of typical gabbro-dioritic igneous suites such as those of 
Garaball Hill, Crazy Mountains and the Standard rock-types of Niggli 
the variation curve (A) occupies an 'intermediate position and is 
essentially characterised by the slight initial increase in the alkali and 
ferrous iron content followed by a pronounced -enrichment in alkalies. 


Hence it appears as if the evidence in hand does not exclude either of the 
above-mentioned postulated trends of diferentiation. 


2Alk 


DIAGRAM 5 


Tlustrating the differen- 
tiation trend in the 
Malmesbury diorites. 


ys (AAK) 


2Aalk 


DIAGRAM 5A 


I1lustrating the diferen- 
tiation trends in 
dioritic rock clans. 


100—2A % D E ol 
(] 
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FOr purposes of further comparison the 100-2al, 2(al — alk) and 2alk 
triangular diagram was prepared to illustrate the variation in the molecular 
proportions of dark minerals, anorthite and alkali feldspar respectively. 'Three 
dominant tendencies can be recognised from Diagrams 5 and SA: 


(1) 


(2) 


A gradual and fairly regular decrease in the anorthite content 
accompanied by a pronounced decrease in femic minerals (curve B”), as 
exemplified by the Kentani rocks and P. Niggli's gabbro—normal diorite— 
duartz-diorite suite. In the case of the Malmesbury diorites the analyses 
tend to cluster and from a casual glance no definite tendency can be 


KP 


DIAGRAM 6 ` 
recognised (Diag. 5). If, however, we ignore No.`2, which according to 
Diag. 3 aappears to be abnormal, and further bear in mind the trend 
deduced for the anorthite content of the magma, it seems highly possible 
that by connecting analyses 1, 4, 5, 3, 8 and 9, and '1, 6, 10, 7 and 11, 
two likely trends can be indicated. An average of these two directions 
will give a trend very similar to that of B' in Diag. BA. 


A pronounced and rapid decrease in femic constituents accompanied 
by a slight initial anorthite enrichment and a significant increase in 
the proportion of alkali feldspars (curve A'”, examples of which are the 
suites of Garaball Hill and Crazy Mountains. 
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(38) A pronounced decrease in the amount of dark minerals accompanied 
by an increase in feldspar with initial alkali and subseguent lime 
enrichment (curve CO”) as exemplified by the Newry suite of rocks. 


In the @.L.M.-diagram illustrating the variation between normative guartz, 
feldspar and dark minerals, the same trend was observed as in the case of 
ternary diagrams based on the C.IP.W. norms of the respective minerals, viz. an 
increase of dark minerals accompanied by a slight increase in feldspar and a 
pronounced enrichment in duartz. 


V. PHASE PETROLOGY OF THE DIORITES 


Owing to the presence of a practically complete sedguence of mafic minerals 
and the absence of any primary structures in the Malmesbury dioritic intrusions, 
it was considered advisable to apply Shand's method of mapping the different 
mineral phases (26, 1942) with the object of ascertaining whether any relation 
between the form of the intrusion and the distribution of the dark minerals 
was apparent in the different stocks. 

It was found that the olivine, orthopyroxene, clinopyroxene and to some 
extent the biotite were critical phases, the hornblende being present in all 
the rocks. Owing to the facts that (1) the olivine and orthopyroxene are always 
associated with clinopyroxene, (2) the clinopyroxene may occur with the former 
or be associated with hornblende, or hornblende and biotite, and (38) that 
hornblende occurs as the only dark mineral or in association with pyroxene or 
biotite or both, it was found convenient to map the following: 


Z.1. An orthopyroxene-clinopyroxene with accessory hornblende zone. 
7.9. A clinopyroxene-hornblende with or without accessory biotite zone. 
7.3. A hornblende zone. 


74. A hornblende-biotite zone, subdivided according to the relative propor- 
tions of hornblende and biotite into the following sub-zones: 


90-100% hornblende (Nooitgedacht, Tweekuil and Oranjefontein). 
80-90% hornblende (Nooitgedacht). 

A0-80% hornblende (Nooitgedacht). 

25-40% hornblende (Nooitgedacht). 

70-90% hornblende (Tweekuil). 

50-70% hornblende (Tweekuil). 

. 10-50% hornblende (Tweekuil). 


OAHYORPF 


From the detailed maps (Plate IT) it will se seen that at Oranjefontein and 
'Tweekuil the different phases exhibit a similar distribution from a central zone 1 
outwards through zones ? and 3 to zone 4, which in each case occupies a marginal 
position in the stocks. Where a hornblende-biotite zone has been subdivided 
according to the relative proportions of hornblende and biotite it was found 
that the distribution of these sub-zones conforms to the shape of the earlier 
`mineral phase boundaries. 

At Nooitgedacht only zone 4 is present. 'The subdivisions of this zone exhibit 
an asymmetrical distribution in the stock, the hornblende-rich phases being in 
the north whereas the biotite-rich areas occur in the south and south-west. 
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The occurrences of the younger intrusions of gabbro, gabbro-diorite, etc, 
have been previously described. It will be noticed that these intrusions reveal 
no definite relation to the phase distribution in the older rocks. 

'The distribution of the mineral phases in the older dioritic facies of the 
Oranjefontein and 'Tweekuil occurrences may imply either (1) that the magma 
crystallised from the centre outwards, or (2) that a continued upward movement 
of the magma in the central part of the stocks took place after the marginal 
areas had become consolidated. 

In the case of the Nooitgedacht occurrence the asymmetrical distribution 
of the phases may possibly be attributed to a southerly and south-westerly 


plunge of the intrusion. 


VI. THE AGE OF 'THE DIORITIC INTRUSIONS 


The close association of the granite and diorite in the field, which is. 
suggestive of a common magmatic relationship, also involves the determination 
of their mutual relations. 

Although granite can be seen in sharp contact with diorite at both 
Nooitgedacht and Oranjefontein, no conclusive evidence as regard their mutual 
ages could be found in the field. 'The seguence of intrusion, however, could 
be established indirectly. 'Two basic intrusions of gabbro-diorite composition, 
definitely 'jintrusive in the Stellenbosch—Kuilsrivier granite pluton, were 
discovered respectively by S. J. Shand (25, 1917) on the farm Muratie, at the 
northern end of Simonsberg, and by D. L. Scholtz on the ridge north of 
Hutchinson Peak, Banhoek, in 1926. It is significant that both dykes are 
characterised by the presence of numerous granitic inclusions and xenocrysts 
of duartz and alkali feldspar. Reaction rims of pyroxene are typically developed 
about irregular inclusions of duartz, a mineral which is also present in the 
matrix of the rock in notable duantities, and there can be no doubt that an 
appreciable amount of foreign material has been incorporated and assimilated 
by the intrusives. Extremely fine-grained rock-types are also present at both 
localities, and in the fresher material of the Banhoek dyke the presence of 
dioritic facies was surmised. From the genetic point of view it was therefore 
considered essential to investigate the chemical composition of the #resher 
rocks of the latter occurrence for purposes of comparison with the diorites 
of Malmesbury. 

In Table IV two analyses of the Banhoek dyke are included, one of which 
is apparently free from inclusions, whereas the other contains numerous large 
xenocrysts of granitic material. 'The Niggli values of the dioritic type at 
Banhoek can be seen to be practically identical with those of a mela-guartz-diorite 
from Tweekuil, Malmesbury (11 and 18, Table IV). But when the properties 
of the constituent oxides are compared with those of the other diorites (see 
Diag. 4A), however, it is found that the Banhoek rock-types follow the C rather 
than the B differentiation trend, Which is characteristic of contamination such 
as that exemplified by the rocks of the Newry Complex. 

In view of the unguestionable evidence indicative of assimilation of foreign 
acid material by the Banhoek dyke, its resemblance to the Muratie doleritic 
intrusion and the deviation from the Malmesbury dioritie suite in Diag. 4A, it 
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appears extremely likely that the Banhoek dioritic facies may be ascribed to 
the contamination of a basaltic magma of post-granite age. 

It seems advisable at this stage to consider the available evidence concerning 
the age of the Malmesbury diorites. 'The fact that dykes and veins of granite 
pegmatite consisting of duartz, microcline and occasional biotite' are observed 
to traverse the diorites in the Malmesbury area both along and across the 
direction of lineation characterising the Pre-Cambrian granite plutons, as well 
as the evidence of mylonitisation and shearing parallel to N.W.-SE. and 
Younger N.E.-S.W. directions, both of which are also typical of the granites, 
Suggests that the diorites are at least related to the magmatic period of 
intrusion of the granites. 

Instructive results were obtained by comparing the attitudes and relationships 
of the diorite and granite to the Pre-Cape sediments. L. P. Rabie (22) found 
that the Malmesbury granite pluton, lying to the east of the dioritic intrusions, 
is essentially a discordant igneous body with a lineation pattern disharmonic 
with that of the surrounding sediments. The Malmesbury granite, moreover, lies 
on the flank of a structural dome whose foliation displays a marked 
sympathetic relation only to the outline of the intrusive dioritic stocks, thus 
providing strong evidence of the earlier emplacement of the diorites. 

In short, the discordant habit of the intrusive Cape Granite to pre-existing 
structures in the invaded sediments, the presence of transgressive acid pegmatites 
which could only be related to the granites, and the parallelism of the shear 
directions of undoubted late granitic age preclude the possibility of the 
synchronous or post-granite intrusion of the Malmesbury diorites. The presence 
of two dolerite dykes traversing both granite and diorite in the area under 
consideration substantiates this view postulating the pre-granite age of the 
Malmesbury dioritic rocks and leaves little doubt that the Banhoek gabbro-diorites 
represent the products of a distinctly later cycle of magmatic activity. 


VII. PETROGENESIS 


During the microscopic investigation of the Malmesbury diorites the writer 
was impressed by the prevalence of zoning in the plagioclase, the presence of 
reaction relations between the mafic minerals and the occurrence of a critical 
distribution of certain mafic mineral phases. 

The rhythmic zoning of normal seguence in the plagioclase is not regarded 
as an abnormal phenomenon in the Malmesbury dioritie rocks. It has only 
been observed in the case of a relatively few large phenocrysts and is ascribed 
to repeated supersaturation of the magma with regard to the anorthite content 
as postulated by Hills (9, 1986). 

On the other hand the normal reverse zoning previously described must 
imply some departure from the ideal conditions of cerystallisation. Yet in the 
case of the Malmesbury diorites the cores of the plagioclase crystals show very 
little sign of resorbtion and repair, such as one expects to find if reverse zoning 
was the result of differential movement. It seems as if we are dealing with 
some change in the physical or chemical condition of the magma which 
involves a sudden change in the composition of the material being precipitated, 
without affecting the minerals already crystallised. 
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In order to find an interpretation for this phenomenon the following theories 
were considered: (1) Reverse zoning may be attributed to a temporary 
supersaturation in the anorthite content of the magma owing to a local 
concentration in the anorthite ions (Phemister, 21, 1934), or to the cessation 
or decrease in the crystallisation of the diopsidic dark minerals. Tt is, however, 
difficult to conceive why the latter process should operate. (2) Contamination 
of the magma may result in the formation of reverse-zoned plagioclases. It 
was oObserved that the feldspar of the Malmesbury greywacke has the 
composition of An... In the event of reaction of a plagioclase of composition 
An, With a plagioclase xenocryst of composition An, it is possible that a 
plagioclase with composition of An,, might result. The chemical change brought 
about by the addition of foreign feldspar cannot, however, be deduced by 
simple calculation, as a change in temperature and chemical constituents, other 
than that of the feldspar, is obviously also involved. 'The writer is aware that 
the possibility of the incorporation and transformation of foreign feldspar from 
the greywacke by the dioritic magma to yield a product with the approximate 
composition of An, in the vicinity of the inclusion or its yet unresorbed germ 
relic, could facilitate the precipitation of minute plagioclase crystals (owing 
to slow diffusion) which may constitute the cores of subseduent mantles of 
magmatiec plagioclase of composition An, 'This explanation, however, does not 
appear to be likely to account for the reverse-zoned plagioclases not uncommonly 
encountered in the Malmesbury diorites, since (1) no highly resorbed or other 
remnants of plagioclase of composition An;,; could be found in the reverse-zoned 
crystals, and (9) prominently demarcated zones occur which do not indicate 
any gradual change in composition irom Ans. 

From the study of the effects of pressures on melting points, Hills concludes 
that relief of pressure induces reverse zoning. Under reduced pressure the 
melting points of the plagioclases will be lowered, that is, the liduidus and 
solidus curves will be displaced downwards. A more calcic plagioclase will now 
crystallise at a temperature where previously the crystallisation of a more sodic 
plagioclase had occurred. 'This theory is favoured in the case of the Malmesbury 
diorites in view of the lack of evidence of resorbtion to any great extent, the 
presence of strongly demarcated zones and the absence of marked crystal 
fractionation in the plagioclases of the dioritic magma. 

The discontinuous normal zoning observed in the Malmesbury diorites could 
be aseribed to the rapid cooling of, or the escape of volatiles from the magma, 
both of which may be normal phenomena in a magma in the act of intrusion. 

Chemically the pronounced enrichment in ferrous iron, the slight decrease 
in the normative anorthite content of the plagioclases and the relation to the 
variation trends of dioritie and doleritic suites of rocks found elsewhere, are 
instructive. A simple comparative table illustrating the different diferentiation 
trends in Diagrams 4A and 5A is added for convenience: 
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TABLE III 
dA 5A Ezamplies 

Alkali enrichment. C Enrichment in alkali (6 Newry. 
feldspar followed by 
anorthite. 

Alkali enrichment. A Enrichment in anor- AT Garaball Hill, Crazy 
thite followed by Mts. and Niggli's 
alkali feldspar. Calc-alkaline suite of 

rocks. 

Iron enrichment. B Only alkali feldspar B' Karroo and 'Tasma- 
enrichment. nian dolerites, Ken- 


tani Gap dykes, etc. 


(a) 


(b 


—— 


(6) 


In the case of curves A and A' which delineate the diferentiatioa trends 
of a normal basaltic magma, the variation in chemical and mineralogical 
Ccomposition can be ascribed to a high degree of continuous 
diferentiation in a crystallising magma by natural processes involving 
Crystal fractionation. 


Curves C and C' illustrate the variation of the composition of an acid 
material. 'These curves differ from A and A' by the more sudden 
increase in alkalies and the antipathetic relation between curves 
A' and C'. 'The first mentioned variation may be anticipated, but the 
antipathetic relation of C' to A' must be ascribed to the fact that 
curve A' represents a basic magma diferentiating in an acid direction, 
whereas curve (C' represents an acid magma whose composition is 
rendered more basic owing to contamination. 


In contrast to these two examples of type curves with apparently 
whereas curve C' represents an acid magma whose composition is 
natural trends, curves B and B' illustrate the enrichment in ferrous iron 
accompanied by a slight decrease in the anorthite content during the 
course of crystallisation. This variation trend has been established to be 
of no uncommon occurrence by Walker (32, 1935), Fenner (6, 1938), Wager 
and Deer (29, 1939) and others. It would seem as if the differentiation 
trend of a basaltic magma is largely determined by the physical 
conditions under which the magma crystallises. 


The chemical and mineralogical variation tendencies of the Malmesbury 
diorite suite relative to the trends of curves C and C' has already been described. 
Tn this connection it is important to note that the older dioritie rocks of Tweekuil 
and Nooitgedacht have an approximately constant FeO percentage, those of 
Oranjefontein comprising the most basic stock hold less FeO, while the younger 


dioritic 


intrusions are characterised by the lowest ferrous iron content. 


From the foregoing the writer is of the opinion that the probable origin 
and history of the Malmesbury diorites may be briefly summarised as follows: 
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(1) Differentiation of a pre-granite basaltic magma by fractional crystallisa- 
tion and the settling of early-formed olivine, pyroxene and limited 
amounts of lime-rich plagioclase which yielded a residual laguid 
relatively rich in iron. 


(2) The intrusion of the yet uncrystallised fraction leading up to the 
emplacement of the dioritic stocks. 'The invading magma does not 
appear to have undergone marked further diferentiation in situ. 


(3) Minor contamination of the dioritic differentiate may have occurred 
during the process of intrusion and prior to its consolidation. 


(4) Subordinate igneous activity leading to the invasion of the already 
consolidated diorite by original and undifferentiated basaltic magma. 


(5) Intrusion of the Cape Granites. 


(6) Shearing, mylonitisation, slight silification and almost simultaneous 
injection of the diorites by Cape Granite pegmatites. 


(7) Intrusion of Pre-Cape dolerites. 


It is noteworthy that widely scattered outcrops of highly altered, 
contemporaneous basic and acid lavas and tuffs are now known to occur in the 
Pre-Cape sediments of the Western Province. It is still an open duestion 
whether the dioritic stocks of the Malmesbury area may or may not represent 
the deeply eroded volcanic necks from which some of these extrusives and 
pyroclastics were derived. 

In conclusion the writer wishes to express his sincere thanks to 
Prof. D. L. Scholtz of the University of Stellenbosch for much helpful advice 
on and interest in this research. 'Thanks are also due to the Director of the 
Division of Chemical Services for 13 silicate analyses; and to Mr. and Mrs. 
1. C. Jones of Kiesenbosch as well as to Mr. and Mrs. T. C. Louw of Nuwelande, 
district Malmesbury, for their hospitality during his field investigations in 
that area. 
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